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“For instance, on the planet Earth, man had always assumed that he was more intelligent 
than dolphins because he had achieved so much—the wheel, New York, wars and so on—
whilst all the dolphins had ever done was muck about in the water having a good time. But 
conversely, the dolphins had always believed that they were far more intelligent than 
man—for precisely the same reasons.”  
― Douglas Adams, The Hitchhiker's Guide to the Galaxy 
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Summary 
The basidiomycete Sporisorium reilianum is a maize pathogen. Upon infection of its host, 
S. reilianum induces the formation of multiple phenotypes. Along with the formation of 
spores and phyllody, S. reilianum induces the outgrowth of subapical ears. Earlier studies 
identified the S. reilianum effector protein SUPPRESSOR OF APICAL DOMINANCE1 
(SAD1) to be responsible for the increased outgrowth of subapical ears. This study aimed 
to understand the function of SAD1 and the mechanism underlying the induced changes in 
the plant developmental process, known as apical dominance. 
To study the function of SAD1 transgenic Arabidopsis thaliana plants that expressed GFP-
SAD1 were created. GFP-SAD1 promoted early branching in A. thaliana. Thus, SAD1 
manipulated branching by a pathway conserved between mono- and dicotyl plants. 
Localization of SAD1 in maize and A. thaliana was studied by fluorescence microscopy. 
In maize, SAD1-GFP was secreted from the fungal hyphae, but uptake by the plant cells 
was not detectable. In A. thaliana GFP-SAD1 and GFP-SAD1phosphorylation site mutants revealed 
phosphorylation-dependent nuclear accumulation. Additional information about a possible 
function of SAD1 was produced by the identification of the strongest interaction partner of 
SAD1. This interaction partner was the E3 ubiquitin ligase RGLG2. Sequencing of RNA, 
isolated from infected maize ears, revealed that SAD1 changed plant-gene expression. 
SAD1 induced the expression of stress response genes and inhibited the expression of 
floral development genes. 
In the current model for SAD1 function it is hypothesized that SAD1 would be secreted 
from the fungal hyphae and when taken up by the plant cell, SAD1 would actively enter 
the nucleus depending on its phosphorylational status. SAD1 would interact with RGLG2, 
either in the nucleus or before, which would change expression of genes involved in stress 
response and floral development. These changes would ultimately induce outgrowth of 
subapical ears in maize and promote branching in A. thaliana. 
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Zusammenfassung 
Der Basidiomycete Sporisorium reilianum ist ein Maispathogen. Nach der Infektion seines 
Wirtes induziert S. reilianum eine Vielzahl von Phänotypen. Neben der Produktion von 
Sporen und Phyllodie induziert S. reilianum das Wachstum von subapikalen Maiskolben. 
Früheren Studien zeigten, dass das Pilzprotein SUPPRESSOR OF APICAL 
DOMINANCE1 (SAD1) verantwortlich für das Auswachsen von subapikalen Maiskolben 
ist. Diese Studie zielt darauf ab, die Funktion von SAD1 in der Pflanze und dessen 
Auswirkung auf den Mechanismus der Apikalen Dominanz besser zu verstehen. 
Um die Funktion von SAD1 aufzuklären, wurden transgene Arabidopsis thaliana Pflanzen 
erzeugt. Diese Pflanzen expriemerten GFP-SAD1 zeigten ein früheres Wachstum von 
primären und sekundären Ästen. Dies zeigt, dass SAD1 die Verästelung der Pflanzenfrucht 
über einen Weg manipuliert, der in mono- und dikotylen Pflanzen konserviert ist. Die 
Lokalisation von SAD1 wurde in Mais und A. thaliana mittels Fluoreszenzmikroskopie 
untersucht. In Maispflanzen konnte gezeigt werden, dass SAD1-GFP von der Pilzhyphe 
sekretiert wird, eine Aufnahme in die Pflanzenzellen wurde jedoch nicht detektiert. In 
A. thaliana akkumulierte GFP-SAD1 im Zellkern in Abhängigkeit des 
Phosphorylierungszustandes von SAD1. Mit dem Hefe-Zwei-Hybrid System wurde die 
Pflanzen E3-Ubiquitinligase RGLG2 als stärkster Interaktionspartners von SAD1 
identifiziert. Die Sequenzierung von RNA aus infizierten Maiskolben zeigte, dass SAD1 
die Expression von Pflanzengenen verändert. SAD1 induzierte die Expression von 
Stressgenen und reduzierte die Expression von Genen verantwortlich für die 
Blütenentwicklung.  
Zusammenfassend kann postuliert werden, dass SAD1 von der Pilzhyphe sekretiert wird 
und eine Funktion in der Pflanzenzelle hat. In der Pflanzenzelle lokalisiert SAD1 im 
Zellkern und interagiert mit RGLG2, entweder vor oder nach dem Eintritt in den Zellkern, 
was zur Veränderung der pflanzlichen Genexpression führt. Die veränderte Expression von 
Genen, die verantwortlich für die Stressantwort und Blütenentwicklung sind, führt dazu, 
dass das Wachstum von subapikalen Kolben in Mais und frühes Astwachstum in 
A. thaliana induziert wird. 
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1  Introduction 
The current world population is around 7.400.000.000 people and it is growing at a rate of 1% 
per year (Worldometers, 2015). This rapid expansion demands an increase in food production. 
The most produced cereal in the world is maize with an estimated production of around 875 
million tons per year (Ranum et al. 2014). Besides its use in food production, maize is used for 
the production of industrial alcohol and fuel (Ranum et al. 2014). 
The production of maize and other crops is compromised by land desertification, drought and 
diseases. In the USA, the top producer of corn, around 10.9% of the harvest is lost due to plant 
diseases (Ranum et al. 2014, Mueller & Wise 2014). One of these diseases is corn smut. Corn 
smut can lead to the loss of 300.000 tons per year in China, the second largest producer of corn 
(Ranum et al. 2014, He et al. 2005). The two most prominent causal agents of smut are 
Sporisorium reilianum and Ustilago maydis (Dean et al. 2012). The S. reilianum genome was 
recently sequenced. Genome comparison with its close relative U. maydis helped to identify a 
large amount of effector proteins (Schirawski et al. 2010). Effectors are small molecules under 
great evolutionary pressure and they are able to change specific processes in plant cells. These 
highly specialized molecules present a potent tool box for plant manipulation. Studying 
effectors and understanding the mechanisms of their function has the potential to identify 
molecules of high biotechnological value as well as give insight into the mechanisms they 
affect. 
 
1.1 The life cycle of Sporisorium reilianum 
S. reilianum is a biotrophic basidiomycete able to infect Zea mays and other cereal plants 
like Sorghum bicolor (Al-Sohaily et al. 1963). Biotrophic plant pathogens feed from the 
living plant cell and require its host to stay alive. Before S. reilianum infects its host plant, 
it grows saprothrophically in soil. In this first of its two growth stages, S. reilianum grows 
yeast-like and proliferates by budding (Martinez et al. 2002). The fungus is not pathogenic 
in this monokaryotic growth stage. The switch to its pathogenic lifestyle occurs only if 
cells with a compatible mating type come into close proximity and mate. Mating of the two 
fungal cells is coordinated by a pheromone receptor system (Schirawski et al. 2005). After 
two cells recognize each other they begin growing in each other’s direction by the 
production of conjugation tubes. The two conjugation tubes fuse and form single 
dikaryotic hyphae. The dikaryotic hyphae grow only at the tip of the hyphae. Empty 
compartments are separated from the hyphal tip by septation (Martinez et al., 2002). 
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S. reilianum starts to express virulence genes enabling it to infect maize after cells have 
mated and sensed the plant surface (Schirawski et al. 2010). It was demonstrated that the 
fungus is able to infect plants via roots or leaves (Martinez et al. 2000, Schirawski et al. 
2010). While infection of the roots occurs without the production of appressoria, on leaves 
non-melanized appressoria are formed (Martinez et al. 2000, Schirawski et al. 2010). Upon 
plant infection the plant does not produce symptoms immediately. The fungus is able to 
systemically colonize the plant by growing along the vascular bundles (Fig.1, Poloni and 
Schirawski 2015). At later points of infection, plants appear stunted compared to 
uninfected plants (Mattheusen et al. 1991, Stromberg 1984). In the final stages of infection 
the fungus reaches the inflorescence of the plant and produces white sori containing black 
spores (Fig.1, Stromberg 1984, Baier and Kruger 1962, Teferi et al. 1989). The lifecycle of 
S. reilianum is completed after spores are dispersed by wind and germinate under favorable 
conditions to produce haploid sporidia (Baier and Kruger 1962, Téféri et al. 1989).  
 
 
Fig.1: S. reilianum  infects maize and changes floral development. (A)  S. reilianum  (red 
line) infects maize at the seedling stage through ears or roots. After infection the fungus 
colonizes the plant systemically and reaches the male and female inflorescences. (B)  Upon 
reaching the male or female inflorescence of maize, S. reilianum  induces the formation of 
fungal spores or phyllody.  
 
1.2 Pathogens change plant development 
To be able to proliferate inside its host, S. reilianum changes the development of its host. 
Instead of producing healthy ears, white sori that contain spores appear at the position of 
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the ears (Fig.1). Plant pathogens often change the structure of their hosts to aid their needs 
and complete their lifecycle. 
Puccinia monoica infects Boechera stricta. Upon infection, the plant produces 
pseudoflowers that differ from its original flowers. Pseudoflowers attract insects that aid 
the dispersal of fungal spores (Fig.2). To induce the production of pseudoflowers the 
fungus changes the host gene transcription (Cano et al. 2013). Agrobacterium tumefaciens 
is able to infect a wide range of eudicots. Infection of A. tumefaciens leads to the 
production of crown galls (Fig.2). Production of crown galls is induced by DNA transfer 
from the pathogen into the genome of its host, which is unique among plant pathogens. 
The pathogen integrates T-DNA, part of the Ti-plasmid, randomly into the genome of its 
host with the aid of CHV and VIR genes. The inserted T-DNA leads to the production of 
auxin and cytokinin (CK), which subsequently induces the production of tumors, and opine 
biosynthesis genes. Opines are used by the bacteria as nutrients (Tarkowski & Vereecke 
2014). The smut fungus Ustilago maydis is able to locally produce tumors on all aerial 
parts of Zea mays (Fig.2). Tumor production is aided by pathogen produced auxin, CK and 
abscisic acid (ABA) (Reineke et al. 2008, Bruce et al. 2010). Additionally, the fungus 
secretes proteins that interact with the host plant and aid the changes in plant development 
needed for the fungus to proliferate (Redkar et al. 2015). S. reilianum is a close relative to 
U. maydis. Both fungi are able to infect Z. mays and produce spores in the inflorescence of 
their host plant. S. reilianum differs from U. maydis as it colonizes the plant systemically 
after infection via the roots or leaves without the induction of local tumors on all green 
parts of the plant, as it is done by U. maydis (Fig.1). Only in the inflorescences 
S. reilianum is able to change plant development. Changes do not only include the 
production of spores, but S. reilianum is also able to produce phyllody and induce the 
production of subapical ears in the female inflorescence of the plant (Ghareeb et al. 2011). 
How S. reilianum changes the development of the host is not completely clear at this point. 
It was shown that the fungus increases the auxin content in infected ears as well as uses 
secreted peptides to manipulate its host (Ghareeb et al. 2011, Ghareeb et al. 2015). 
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Fig. 2: Plant pathogens alter organ and tissue development of their host plants.  (A)  
P. monoica  infects B. stricta  and induces the formation of pseudoflowers. (B)  A. 
tumefaciens  induces hyperplasia and hypertrophy in plant cells. T his leads to tumor tissue 
called crown galls. (C)  U. maydis  induces transformation of maize ear tissue to white sori 
filled with black spores. Sources for panels A-C are as follows A:Cano et al. 2013, B: 
Tarkowski and Vereecke 2013, C: 
https://www.flickr.com/photos/stuart_spivack/35645614/ .  
Besides the production of phytohormones and the integration of fungal DNA into the 
genome of their host plants, pathogens often use small secreted peptides or molecules to 
change and manipulate their host plants. These secreted peptides and molecules are called 
effectors. 
 
1.3 Effectors in plant microbe interactions 
Pathogen effectors can be defined as “all pathogen proteins and small molecules that alter 
host cell structure and function” (Hogenhout et al. 2009). The variety of functions of 
fungal and bacterial effector proteins is as broad as their definition. However, different 
effectors seem to have common targets in the plant. It was shown that effectors from 
different pathogens interact with plant proteins that act as a hub and are highly connected 
by interacting with other plant proteins (Mukhtar et al. 2011). 
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One of these hubs is the phytohormone system. Phytohormones control a variety of plant 
developmental processes and thus are prime targets for pathogens. Hyaloperonospora 
arabidopsidis can infect Arabidopsis thaliana. One effector protein of H. arabidopsidis is 
HaRxL44. This effector is secreted from the oomycete and localizes in the nucleus of the 
plant cell. Inside the nucleus it is able to interact with Mediator subunit 19a (MED19a). 
Interaction between the two proteins leads to the degradation of MED19a by the 26S 
proteasome. Degradation of MED19a decreases transcription of salicylic acid (SA) 
associated genes and higher expression of jasmonate (JA)/ethylene (ET)-signaling 
associated genes (Caillaud et al. 2013). SA is known to play an important role in defense 
against biotrophic pathogens, while JA/ET is involved in defense against necrothrops. Both 
hormone dependent defense pathways are closely connected (Spoel et al. 2007). Another 
effector that affects phytohormone concentrations is AvrRPT2. AvrRPT2 interacts with 
RIN4, a guard protein, and promotes its cleavage and subsequent release from the plasma 
membrane. This triggers the activation of the R protein RPS2, which in turn leads to 
effector triggered immunity (Kim et al. 2005). In addition, AvrRPT2 stimulates 
proteasome dependent degradation of the AUXIN TRANSCRIPTION REPRESSOR2 
(AXR2, Cui et al. 2013). AXR2 is also degraded in the presence of auxin (Gray et al. 
2001). Thus, AvrRPT2 increases the sensitivity to auxin of plants. Another effector called 
tengu-su inducer (TENGU) secreted by Phytoplasma induces witches broom and dwarfism 
on a wide range of plants. It was reported that infected plants show decreased auxin 
response (Hoshi et al. 2009). Furthermore, TENGU represses ARF6 and ARF8 expression, 
thereby reducing auxin and JA concentration inside the plant (Minato et al. 2014). 
VIRULENCE ASSOCIATED GENE2 (VAG2), an effector from S. reilianum, was 
recently shown to interact with CORISMATE MUTASE2 of Z. mays (ZmCm2). 
Interaction of the two proteins was linked to the SA dependent down-regulation of PR1 
and PR5, two genes involved in defense against biotrophic pathogens (Zhao 2015, Ghareeb 
under revision). 
Besides interfering with hormone homeostasis, effectors can also manipulate the 
production of reactive oxygen species (ROS), one of the first defense reactions against 
plant pathogens (reviewed in Heller & Tudzynski 2011). The fungal effector PROTEIN 
ESSENTIAL DURING PENETRATION1 (PEP1) from U. maydis is required for 
successful penetration of the plants epidermis. PEP1 inhibits apoplastic plant peroxidases 
and thus prevents the production of ROS. It was found that this effector is conserved across 
many plant pathogens (Hemetsberger et al. 2015). Another effector produces the opposite 
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result. The Pseudomonas syingae effector HOPG1 localizes to plant mitochondria. Inside 
the mitochondria it decreases respiration and thus increases the production of ROS. The 
increased production of ROS inhibits callose deposition and suppresses immunity of the 
plant. A. thaliana plants overexpressing HOPG1 showed dwarfism, increased branching 
and infertility (Block et al. 2010). 
Another effector from U. maydis, the CHORISMATE MUTASE1 (CMU1), has enzymatic 
activity. CMU1 is translocated into the plant cell and can spread into neighboring cells. In 
plant cells CMU1 leads to metabolic priming by suppressing SA levels. This is needed for 
successful tumor production of U. maydis (Djamei et al. 2011). 
Effectors can also change plant gene expression directly. A famous example for effectors 
having transcription activity are the transcription activation-like (TAL) effectors of 
Xanthomonas (reviewed in Boch et al. 2014). Some target genes of these effectors are 
known. These genes are involved in reproductive development, senescence, stress response 
and sugar transport (Yuan & Wang 2013). 
Effectors can also affect plant protein stability and thus alter developmental processes. 
TIN2, a U. maydis effector, interacts with the maize protein ZmTKK1. Interaction of the 
two proteins leads to the masking of the ubiquitination site of ZmTKK1. Thus, interaction 
prevents ubiquitination and degradation of ZmTKK1. ZmTKK1 controls anthocyanin 
biosynthesis genes. Increased anthocyanin production seems to lead to less lignin 
production which is beneficial for the fungus (Tanaka et al. 2014). 
Interaction of effectors with their target protein can also lead to altered localization of the 
plant protein, preventing it from fulfilling its function at its destination. The Phytophtera 
infestans effector PI03192 prevents the transcription factor NAC from leaving the ER and 
getting to its final destination, the nucleus. NAC transcription factors are involved in 
various plant developmental processes (McLellan et al. 2013). These examples show that 
pathogen effectors can attack multiple processes in the plant and ultimately change plant 
development.  
In this study I want to analyse the mechanism of the fungal effector SUPPRESSOR OF 
APICAL DOMINANCE1 (SAD1) of S. reilianum. SAD1 was first described by Hassan 
Ghareeb (Ghareeb 2011). 
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1.4 The S. reilianum effector SAD1 triggers production of 
subapical ears in infected maize plants 
SAD1 is part of the biggest effector cluster in S. reilianum. Effector clusters were 
identified by genome comparison of the genomes from the plant pathogens U. maydis and 
S. reilianum (Schirawski et al. 2010). The largest effector cluster found was cluster 19A. 
Cluster 19A of S. reilianum is divided into two parts. Deletion of the second part 19A2 
does change virulence of S. reilianum on maize and decreases the number of ears produced 
by infected plants (Ghareeb 2011). Single deletions of the 4 genes located in cluster 19A2 
revealed that two genes were responsible for the decreased amount of ears. These two 
genes were named SUPPRESSOR OF APICAL DOMINANCE1/2 (SAD1, SAD2, Ghareeb 
2011). Single deletion of SAD1 had no effect on the fungal ability to produce spores in the 
female inflorescence of maize (Fig.3 A). SAD1 had the most drastic effect on the number 
of ears per plant and complementation of the SAD1 deletion by reintroduction of SAD1 into 
the MIG1 locus increased the number of ears back to, and even over, WT level (Fig.3 B). 
Thus, SAD1 was further characterized (Ghareeb 2011).  
SAD1 has 25% amino acid identity to two other proteins encoded in cluster 19A2. These 
proteins are SAD2 and VIRULENCE ASSOCIATED GENE1 (VAG1). For none of the 
three proteins a function is known. Bioinformatic analysis of SAD1 revealed a predicted 
signal peptide, two myristoylation sites, two protein kinase C sites, a casein kinase II site 
and an ubiquitination site (Ghareeb 2011). 
In the saprothophic phase of the lifecycle of S. reilianum, SAD1 is not expressed. When the 
fungus colonizes the plant, expression of SAD1 is initiated. SAD1 is expressed in the leaves, 
nodes and ears of infected plants (Fig.3 C, Ghareeb 2011). While being expressed, SAD1 
has no effect on fungal growth in the early stages of infection (leaf to node, Ghareeb 2011). 
Attempts to analyse the localization of functional SAD1 by fusion of GFP to its C-terminus 
(SAD1-GFP) failed, since the fusion protein was not able to complement the SAD1 
deletion. However, it was observed that SAD1-GFP localized around the fungal hyphae in 
infected maize ears but was not visible in the surrounding plant cells (Fig.3 D). This 
indicates that the predicted signal peptide is functional (Ghareeb 2011). SAD1-GFP could 
not be detected in leaves by western blotting, hinting to a potential organ specific post 
translational modification of SAD1-GFP that leads to degradation of the protein. This 
hypothesis is supported by the predicted ubiquitination site found by bioinformatics 
analysis (Ghareeb 2011). Expression of SAD1-GFP in S. bicolor protoplasts revealed that, 
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when entering the plant, SAD1 was able to enter the nucleus and also localize in the 
cytoplasm (Ghareeb 2011). 
Another hint that SAD1 might enter the plant cell was given by yeast two-hybrid analysis. 
SAD1 was able to interact with 153 plant originated proteins and one fungal effector 
(MIG1). Plant proteins potentially interacting with SAD1 are very diverse in their function 
and included ubiquitination, development, transcription, signaling and many more 
(Ghareeb 2011). In addition to potential interaction partners, the yeast two-hybrid analysis 
also revealed that SAD1 fused to the GAL4 DNA binding domain (BD-SAD1) was able to 
auto activate two reporter genes of the used system. This indicated that SAD1 has potential 
transcription activation activity (Ghareeb 2011). Finally, we were able to map domains of 
SAD1 important for protein-protein interaction. This was done by repeating the yeast two-
hybrid using truncated versions of SAD1. We showed that the C-terminus of SAD1 had the 
highest potential to interact with plant originated proteins (Drechsler 2012). 
To this point, we were not able to unravel the exact mechanism of how SAD1 functions. It 
was shown that SAD1 was secreted from the fungal hyphae and was able to interact with 
plant originated proteins. This interaction is most likely involved in function of SAD1 to 
induce the outgrowth of subapical ears. The outgrowth of subapical ears is normally 
controlled by a mechanism called apical dominance. It is imperative to understand apical 
dominance in order to understand the function of SAD1. 
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Fig.3: Preliminary work with the S. reilianum  effector SAD1.  (A)  Virulence evaluation of 
plants infected with S. reilianum  strains wild type (WT), harboring a deletion of SAD1  
(SAD1) and the complementation of the SAD1  deletion (SAD1 + SAD1#2). Deletion of 
SAD1  does not affect the virulence of S. reilianum .  (B)  Evaluation of number of ears per 
plant of plants infected with S. reilianum  strains wild type (WT), harboring a deletion of 
SAD1  (SAD1), the complementation of the SAD1  deletion (SAD1 + SAD1#2) and water 
(Mock). Deletion of SAD1  leads to a decrease of ears per plant compared to WT infected 
plants. Complementation of the SAD1  deletion by integration of SAD1  into the MIG locus 
restored the SAD1 induced increase of ears per plant. (C)  RT and qRT-PCR with SAD1  
specific primers and template DNA from liquid culture,  or three infected maize tissues, 
leaves, nodes and ears. SAD1  transcripts are present in infected plants samples, but  absent 
in liquid culture. (D)  Fluorescence microscopic picture of maize ear samples infected with 
S. reilianum  strain expressing SAD1-GFP. SAD1-GFP surrounds the fungal hyphae.  Pictures 
were taken from Ghareeb 2011.  
 
1.5 Apical dominance is controlled by endogenous and 
environmental factors 
Plants cannot change their location, but they are able to increase their height, or change 
their branching pattern to optimize their light collection. If there are many neighboring 
plants that are taller, light will be collected by these other plants. Plants have to adjust their 
own height in order to reach an optimal size to collect light. On the other hand, a single 
plant on a wide field does not need to grow tall, but is allowed to grow many leaves and 
branches to collect light with the biggest area possible. The decision whether to grow tall 
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or grow wide has to be carefully regulated to allow optimal growth. Decapitation 
experiments showed that the removal of the apical bud induces the outgrowth of lower 
axillary buds. This control of the apical meristem over the outgrowth of the lower axillary 
meristems is called apical dominance. Several pathways that control apical dominance are 
described in this chapter. These pathways are not described completely, but instead only 
the most prominent or important examples were picked. For a complete overview refer to 
the cited reviews. 
In 1933, Thimann and Skoog applied agar blocks filled with a growth substance every six 
hours to decapitated plants. They showed that application of these growth substance-filled 
agar blocks inhibited the outgrowth of axillary buds in decapitated Vicia faba plants 
(Thimann & Skoog 1933). This growth substance was auxin. There are two models for the 
mode of action of auxin. 
In the first model, called the second messenger model auxin controls the biosynthesis and 
transport of two other hormones called strigolactone (SL) and cytokinin (CK, reviewed in 
Domagalska and Leyser 2011). Direct application of CK has a stimulating effect on bud 
outgrowth (Sachs and Thimann 1967). A key enzyme for CK biosynthesis is the 
ADENOSINE PHOSPHATE-ISOPENTENYLTRANSFERASE (IPT). In Pisum sativum L. 
(Ps), the two genes PsIPT1 and PsIPT2 are not detectable in the nodal stem. It is only after 
decapitation that PsIPT1 and PsIPT2 are transcribed in the nodal stem of the plant and 
CKs can accumulate. This process can be inhibited by application of auxin, suggesting that 
auxin represses the biosynthesis of CKs directly in the nodal stem and thus represses shoot 
outgrowth (Tanaka et al. 2006). An opposite result was shown for the effect of auxin on SL 
biosynthesis. SLs are produced by the carotenoid cleavage dioxygenases MORE 
AXILLARY GROWTH3 (MAX3), MAX4 and MAX1. MAX3 and MAX4 are 
upregulated by auxin, thus increasing SL biosynthesis. Increased SL biosynthesis leads to 
increased apical dominance (Hayward et al. 2009). Both phytohormones, CK and SL, 
affect the expression of BRANCHED1 from P. sativa (PsBRC1), a homologe to the Z. 
mays TEOSINTE BRANCHED1 (TB1) and the A. thaliana gene BRANCHED1 (AtBRC1, 
Braun et al. 2012). TB1 plays a big part in teosinte-maize evolution and is the main 
repressor of axillary bud outgrowth in maize (Doebley et al. 1995). While CKs repress 
PsBRC1 expression, SLs induce expression of PsBRC1 (Braun et al. 2012). Furhermore, 
AtBRC1 stimulates ABA signaling in A. thaliana plants grown in shaded conditions which 
ultimately leads to less bud outgrowth (González-Grandío et al. 2013). The interaction 
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between auxin, SL, CK, BRC1 and ABA show how interconnected the regulation of 
axillary bud outgrowth is. 
The second hypothesis for the mode of action of auxin in indirectly controlling bud 
outgrowth, is called the auxin canalization model (reviewed in Domagalska & Leyser 2011, 
Waldie et al. 2014). This model describes that auxin is transported in a polar manner in the 
polar auxin transport (PAT) from leaves to roots (Sachs 1975). The shoot apical meristems 
and axillary buds are competing for connections to the PAT, as auxin flow is needed for 
bud outgrowth (Li & Bangerth 1999, Crawford et al. 2010). It was shown that auxin can 
create narrow transport files by decreasing the endocytotic turnover of the PIN-FORMED 
(PIN) auxin transporters. This leads to an accumulation of auxin transporters at the plasma 
membrane and thus increases auxin transport (Petrásek et al. 2006). It was also shown that 
an established PAT inhibits the formation of new vascular strands in its vicinity (Sachs 
1969). In this model, SLs act upstream of auxin by increasing the PIN1 endocytosis and 
thus decreasing auxin flow (Shinohara et al. 2013). Thus, axillary buds are only able to 
connect to the PAT if their auxin production is higher than the auxin production of the 
apical meristem and high enough to overcome the SL induced inhibition threshold, or if the 
apical meristem is removed. It has to be highlighted that both models described above are 
not exclusive and most likely are both involved in the regulation of axillary bud outgrowth 
(Waldie et al. 2014). Other hormones involved in the regulation of bud outgrowth are 
gibberellic acid (GA) (repressing) and brassinosteroids (stimulating, reviewed in Rameau 
et al 2015).  
In decapitation experiments, the bud release was observed before auxin levels decreased, 
bringing up the need for a “fast-decapitation signal” (Morris et al. 2005). This signal was 
recently found to be sucrose. Sucrose is able to travel faster through the plant than auxin. 
Sucrose accumulation matched with the bud outgrowth timing and the addition of sucrose 
could initiate bud outgrowth in wild type plants. Finally, sucrose application down-
regulated PsBRC1 expression 2 hours after application (Mason et al. 2014). 
A major factor in the control of bud outgrowth is light (Leduc et al. 2014). Light intensity, 
quality and the length of the photoperiod impact bud outgrowth. Higher light intensity 
induces branching, while low light intensity or absence of light leads to no or less 
branching in P. sativa and different rose species (Girault et al. 2008, Khayat & Zieslin 
1982, Low 1970). Light quality can decrease if the light is captured by other plants before 
it can be collected, by changing seasons and other environmental factors. The most 
prominent example for control of bud outgrowth by light quality is the shade avoidance 
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syndrome (SAS). Plants in shaded conditions try to evade this environment by minimizing 
branching and investing in growth of the main shoot instead. Shaded light has a low 
Red:Far-red (R:FR) ratio and reduced blue light. This can be used by plants to detect 
whether they are in a shaded position or not. Plants perceive light with phytochromes, 
cryptochromes and phototropines. Especially the PHYTOCHROME B (PHYB) plays an 
important role in light dependent control of axillary bud outgrowth. PHYB senses the R/FR 
ratio. Under high FR conditions, PHYB leads to the repression of branching. PHYB is 
active under high R/FR light and inhibits transcription of BRC1, while inactive PHYB is 
not able to do so (González-Grandío et al. 2013). This shows one way of PHYB activity 
manipulating bud outgrowth. PHYB dependent control of bud outgrowth is connected to 
SL and auxin as well, while light can additionally affect ABA and GA signaling by PHYB 
independent pathways (reviewed in Leduc et al. 2014). Photoperiod length can have a 
stimulating effect on branching, as shown in P. sativa, or an inhibiting effect, as shown in 
A. thaliana (Jouve et al. 1998, Beveridge 2003). 
Branching is not only linked to hormone pathways, light conditions and sugar content, but 
to developmental processes like flowering as well. Flowering genes such as FLOWERING 
LOCUS T (FT) and TERMINAL FLOWER1 (TFL1) are part of the florigen pathway. The 
florigen pathway promotes floral induction and branching of shoots (Hiraoka et al. 2013). 
A. thaliana plants lacking FT displayed late flowering and delayed outgrowth as well as a 
reduced growth rate of lateral shoots (Hiraoka et al. 2013). Recent studies show that BRC1 
and FT are able to interact, linking FT to the control of bud outgrowth via BRC1 (Niwa et 
al. 2013). 
It becomes clear that apical dominance and bud outgrowth is controlled by a tightly 
regulated network of endogenous and environmental factors. These factors are 
interconnected, but converge on central hubs such as auxin, TB1/BRC1 and light 
perception. It will be interesting to see which of these pathways are intercepted by SAD1 
to manipulate bud outgrowth. 
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1.6 Objective 
The fungal effector SAD1 is able to manipulate plant inflorescence branching, a major part 
of plant development. The aim of this study is to narrow down the potential mechanisms 
by which SAD1 functions. I want to identify SAD1-dependent phenotypes in addition to 
increased branching in Z. mays and in transgenic A. thaliana plants expressing GFP-SAD1; 
identify interaction partners of SAD1 that are relevant for its function; investigate the 
localization of SAD1 in detail; perform global gene expression analysis of infected plant 
material to identify genes that are affected by the presence of SAD1. The combination of 
these experiments will help to elucidate in which compartment SAD1 localize and which 
interaction with a plant protein is essential to affect one of the many pathways that regulate 
bud outgrowth. 
Elucidating the function of SAD1 will give insight into connections of pathways regulating 
apical dominance, a process much studied but yet not fully understood. Ultimately, 
understanding the functional mechanism of SAD1 will enable us to evaluate the 
biotechnological value of SAD1. SAD1 could be used to change branching of plants and 
thus increase yield (i.e. rice). 
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2 Materials 
2.1.1 Maize plants 
For infection experiments and seed production the maize variety Gaspe Flint was used. 
Gaspe Flint is a small and early-flowering maize. 
 
2.1.2 Arabidopsis thaliana plants  
A. thaliana plants produced and used in this study are listed in the table below. 
 
Table 1: List of A. thaliana plant lines produced and used in this study. 
Name Genotype Progenitor  Resistance Reference 
Col-0 
    
DR5 DR5:GFP 
  
Ulmasov et 
al. 1997 
DIIVenus P35S:DII-Venus-NLS   
Brunoud et 
al. 2012 
P35S:GFP P35S:GFP Col-0 Kanamycin 
AG 
Schlaich 
970.1 P35S:GFP-SAD1SP#1 Col-0 
DL-
Phosphinothricin 
Ghareeb et 
al. 2015 
975.2 P35S:GFP-SAD1SP#2 Col-0 
DL-
Phosphinothricin 
Ghareeb et 
al. 2015 
979.4 P35S:GFP-SAD1SP#3 Col-0 
DL-
Phosphinothricin 
Ghareeb et 
al. 2015 
983.3 P35S:GFP-SAD1SP#4 Col-0 
DL-
Phosphinothricin 
Ghareeb et 
al. 2015 
988.4 P35S:SAD1SP#1 DR5 
DL-
Phosphinothricin 
Ghareeb et 
al. 2015 
992.5 P35S:SAD1SP#2 DR5 
DL-
Phosphinothricin 
Ghareeb et 
al. 2015 
995.5 P35S:SAD1SP#3 DR5 
DL-
Phosphinothricin 
Ghareeb et 
al. 2015 
997.1 P35S:SAD1SP#4 DR5 
DL-
Phosphinothricin 
Ghareeb et 
al. 2015 
1003.6 P35S:SAD1SP#1 DIIVenus 
DL-
Phosphinothricin 
Ghareeb et 
al. 2015 
1005.3 P35S:SAD1SP#2 DIIVenus 
DL-
Phosphinothricin 
Ghareeb et 
al. 2015 
1008.5 P35S:SAD1SP#3 DIIVenus 
DL-
Phosphinothricin 
Ghareeb et 
al. 2015 
1011.4 P35S:SAD1SP#4 DIIVenus 
DL-
Phosphinothricin 
Ghareeb et 
al. 2015 
NLS1 P35S:GFP-NLS- Col-0 DL- This study 
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Name Genotype Progenitor  Resistance Reference 
SAD1SP / 
P35S:mCHERRY 
Phosphinothricin 
NLS2 
P35S:GFP-NLS-
SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
NLS3 
P35S:GFP-NLS-
SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
NLS4 
P35S:GFP-NLS-
SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
NLS5 
P35S:GFP-NLS-
SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
NES1 
P35S:GFP-NES-
SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
NES2 
P35S:GFP-NES-
SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
NES4 
P35S:GFP-NES-
SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
NES5 
P35S:GFP-NES-
SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
SP1 
P35S:SP-GFP-SAD1SP 
/ P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
SP2 
P35S:SP-GFP-SAD1SP 
/ P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
SP3 
P35S:SP-GFP-SAD1SP 
/ P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
SP4 
P35S:SP-GFP-SAD1SP 
/ P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
SP5 
P35S:SP-GFP-SAD1SP 
/ P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
mNLS1 
P35S:GFP-mNLS*-
SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
mNLS2 
P35S:GFP-mNLS*-
SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
mNLS3 
P35S:GFP-mNLS*-
SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
mNLS4 
P35S:GFP-mNLS*-
SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
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Name Genotype Progenitor  Resistance Reference 
mNES1 
P35S:GFP-mNES*-
SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
mNES2 
P35S:GFP-mNES*-
SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
mNES3 
P35S:GFP-mNES*-
SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
GFP1 
P35S:GFP-SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
GFP2 
P35S:GFP-SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
GFP3 
P35S:GFP-SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
GFP4 
P35S:GFP-SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
GFP5 
P35S:GFP-SAD1SP / 
P35S:mCHERRY 
Col-0 
DL-
Phosphinothricin 
This study 
 * “m” stands for mutated version. Mutations are described in Romich 2014. 
 
2.1.3 Sporisorium reilianum strains 
S. reilianum strains produced and used in this study are listed below (Table). 
 
Table 2: List of S. reilianum strains produced and used in this study. 
Name Genotype Progenitor strain Resistance Reference 
FD01 a2 b2 SAD1  + SAD1-HA#1 HG95 Phleomycin Drechsler 2012 
FD02 a2 b2 SAD1  + SAD1-HA#2 HG95 Phleomycin Drechsler 2012 
FD03 a2 b2 SAD1  + SAD1-HA#3 HG95 Phleomycin Drechsler 2012 
FD04 a2 b2 SAD1  + SAD1-HA#4 HG95 Phleomycin Drechsler 2012 
FD05 a2 b2 SAD1  + SAD1-HA#5 HG95 Phleomycin Drechsler 2012 
FD06 a1 b1 SAD1 + SAD1-HA#1 HG99 Phleomycin Drechsler 2012 
FD07 a1 b1 SAD1 + SAD1-HA#2 HG99 Phleomycin Drechsler 2012 
FD08 a1 b1 SAD1 + SAD1-HA#3 HG99 Phleomycin Drechsler 2012 
FD09 a1 b1 SAD1 + SAD1-HA#4 HG99 Phleomycin Drechsler 2012 
FD10 a1 b1 SAD1 + SAD1-HA#5 HG99 Phleomycin Drechsler 2012 
FD11 a2 b2 SAD1 + myc-SAD1#1 HG95 Phleomycin Drechsler 2012 
FD12 a2 b2 SAD1 + myc-SAD1#2 HG95 Phleomycin Drechsler 2012 
FD13 a2 b2 SAD1 + myc-SAD1#3 HG95 Phleomycin Drechsler 2012 
FD14 a2 b2 SAD1 + myc-SAD1#4 HG95 Phleomycin Drechsler 2012 
FD15 a2 b2 SAD1 + myc-SAD1#5 HG95 Phleomycin Drechsler 2012 
FD16 a1 b1 SAD1 + myc-SAD1#1 HG99 Phleomycin Drechsler 2012 
FD17 a1 b1 SAD1 + myc-SAD1#2 HG99 Phleomycin Drechsler 2012 
FD18 a1 b1 SAD1 + myc-SAD1#3 HG99 Phleomycin Drechsler 2012 
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FD19 a1 b1 SAD1 + myc-SAD1#4 HG99 Phleomycin Drechsler 2012 
FD20 a1 b1 SAD1 + myc-SAD1#5 HG99 Phleomycin Drechsler 2012 
FD21 a1 b1 SAD1 truncation1 #1 HG99 Phleomycin this study 
FD22 a1 b1 SAD1 truncation1 #2 HG99 Phleomycin this study 
FD23 a1 b1 SAD1 truncation1 #3 HG99 Phleomycin this study 
FD24 a1 b1 SAD1 truncation1 #4 HG99 Phleomycin this study 
FD26 a2 b2 SAD1 truncation1 #15 HG95 Phleomycin this study 
FD27 a2 b2 SAD1 truncation1 #18 HG95 Phleomycin this study 
FD28 a2 b2 SAD1 truncation1 #3 HG95 Phleomycin this study 
FD29 a2 b2 SAD1 truncation1 #4 HG95 Phleomycin this study 
FD30 a2 b2 SAD1 truncation1 #5 HG95 Phleomycin this study 
FD31 a1 b1 SAD1 truncation 2 #11 HG99 Phleomycin this study 
FD32 a1 b1 SAD1 truncation 2 #13 HG99 Phleomycin this study 
FD33 a1 b1 SAD1 truncation 2 #3 HG99 Phleomycin this study 
FD34 a1 b1 SAD1 truncation 2 #4 HG99 Phleomycin this study 
FD35 a1 b1 SAD1 truncation 2 #16 HG99 Phleomycin this study 
FD36 a2 b2 SAD1 truncation2 #12 HG95 Phleomycin this study 
FD37 a2 b2 SAD1 truncation2 #13 HG95 Phleomycin this study 
FD38 a2 b2 SAD1 truncation2 #15 HG95 Phleomycin this study 
FD39 a2 b2 SAD1 truncation2 #17 HG95 Phleomycin this study 
FD43 a1 b1 SAD1 truncation 3 #3 HG99 Phleomycin this study 
FD44 a1 b1 SAD1 truncation 3 #4 HG99 Phleomycin this study 
FD45 a1 b1 SAD1 truncation 3 #5 HG99 Phleomycin this study 
FD48 a2 b2 SAD1 truncation3 #3 HG95 Phleomycin this study 
FD49 a2 b2 SAD1 truncation3 #4 HG95 Phleomycin this study 
FD50 a2 b2 SAD1 truncation3 #5 HG95 Phleomycin this study 
FD53 a1 b1 SAD1 truncation4 #3 HG99 Phleomycin this study 
FD54 a1 b1 SAD1 truncation4 #4 HG99 Phleomycin this study 
FD55 a1 b1 SAD1 truncation4 #9 HG99 Phleomycin this study 
FD57 a2 b2 SAD1 truncation4 #2 HG95 Phleomycin this study 
FD58 a2 b2 SAD1 truncation4 #3 HG95 Phleomycin this study 
FD59 a2 b2 SAD1 truncation4 #4 HG95 Phleomycin this study 
FD61 a1 b1 SAD1 truncation5 #1 HG99 Phleomycin this study 
FD62 a1 b1 SAD1 truncation5 #2 HG99 Phleomycin this study 
FD63 a1 b1 SAD1 truncation5 #3 HG99 Phleomycin this study 
FD64 a1 b1 SAD1 truncation5 #4 HG99 Phleomycin this study 
FD65 a1 b1 SAD1 truncation5 #5 HG99 Phleomycin this study 
FD66 a2 b2 SAD1 truncation5 #1 HG95 Phleomycin this study 
FD67 a2 b2 SAD1 truncation5 #2 HG95 Phleomycin this study 
FD68 a2 b2 SAD1 truncation5 #3 HG95 Phleomycin this study 
FD69 a2 b2 SAD1 truncation5 #4 HG95 Phleomycin this study 
FD71 a1 b1 SAD1 truncation6 #1 HG99 Phleomycin this study 
FD72 a1 b1 SAD1 truncation6 #2 HG99 Phleomycin this study 
FD73 a1 b1 SAD1 truncation6 #3 HG99 Phleomycin this study 
FD76 a2 b2 SAD1 truncation6 #1 HG95 Phleomycin this study 
FD77 a2 b2 SAD1 truncation6 #2 HG95 Phleomycin this study 
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FD78 a2 b2 SAD1 truncation6 #3 HG95 Phleomycin this study 
FD79 a2 b2 SAD1 truncation6 #4 HG95 Phleomycin this study 
FD81 a1 b1 SAD1 truncation7 #18 HG99 Phleomycin this study 
FD82 a1 b1 SAD1 truncation7 #26 HG99 Phleomycin this study 
FD83 a1 b1 SAD1 truncation7 #28 HG99 Phleomycin this study 
FD86 a2 b2 SAD1 truncation7 #16 HG95 Phleomycin this study 
FD87 a2 b2 SAD1 truncation7 #22 HG95 Phleomycin this study 
FD88 a2 b2 SAD1 truncation7 #3 HG95 Phleomycin this study 
FD89 a2 b2 SAD1 truncation7 #4 HG95 Phleomycin this study 
FD90 a2 b2 SAD1 truncation7 #23 HG95 Phleomycin this study 
FD92 a1 b1 SAD1 truncation8 #2 HG99 Phleomycin this study 
FD94 a1 b1 SAD1 truncation8 #4 HG99 Phleomycin this study 
FD96 a2 b2 SAD1 truncation8 #1 HG95 Phleomycin this study 
FD97 a2 b2 SAD1 truncation8 #2 HG95 Phleomycin this study 
FD98 a2 b2 SAD1 truncation8 #3 HG95 Phleomycin this study 
FD99 a2 b2 SAD1 truncation8 #4 HG95 Phleomycin this study 
FD100 a2 b2 SAD1 truncation8 #5 HG95 Phleomycin this study 
FD101 a1 b1 SAD1 truncation9 #1 HG99 Phleomycin this study 
FD102 a1 b1 SAD1 truncation9 #2 HG99 Phleomycin this study 
FD103 a1 b1 SAD1 truncation9 #3 HG99 Phleomycin this study 
FD107 a2 b2 SAD1 truncation9 #2 HG95 Phleomycin this study 
FD108 a2 b2 SAD1 truncation9 #3 HG95 Phleomycin this study 
FD109 a2 b2 SAD1 truncation9 #4 HG95 Phleomycin this study 
FD111 a1 b1 SAD1 truncation10 #1 HG99 Phleomycin this study 
FD112 a1 b1 SAD1 truncation10 #2 HG99 Phleomycin this study 
FD116 a2 b2 SAD1 truncation10 #1 HG95 Phleomycin this study 
FD117 a2 b2 SAD1 truncation10 #2 HG95 Phleomycin this study 
FD121 a1 b1 SAD1 truncation11 #18 HG99 Phleomycin this study 
FD122 a1 b1 SAD1 truncation11 #19 HG99 Phleomycin this study 
FD123 a1 b1 SAD1 truncation11 #20 HG99 Phleomycin this study 
FD124 a1 b1 SAD1 truncation11 #22 HG99 Phleomycin this study 
FD125 a1 b1 SAD1 truncation11 #23 HG99 Phleomycin this study 
FD126 a2 b2 SAD1 truncation11 #18 HG95 Phleomycin this study 
FD127 a2 b2 SAD1 truncation11 #19 HG95 Phleomycin this study 
FD131 a1 b1 SAD1 truncation12 #1 HG99 Phleomycin this study 
FD132 a1 b1 SAD1 truncation12 #2 HG99 Phleomycin this study 
FD133 a1 b1 SAD1 truncation12 #3 HG99 Phleomycin this study 
FD136 a2 b2 SAD1 truncation12 #1 HG95 Phleomycin this study 
FD137 a2 b2 SAD1 truncation12 #2 HG95 Phleomycin this study 
FD138 a2 b2 SAD1 truncation12 #3 HG95 Phleomycin this study 
FD141 a1 b1 SAD1 truncation13 #1 HG99 Phleomycin this study 
FD142 a1 b1 SAD1 truncation13 #2 HG99 Phleomycin this study 
FD143 a1 b1 SAD1 truncation13 #3 HG99 Phleomycin this study 
FD144 a1 b1 SAD1 truncation13 #4 HG99 Phleomycin this study 
FD145 a1 b1 SAD1 truncation13 #5 HG99 Phleomycin this study 
FD147 a2 b2 SAD1 truncation13 #2 HG95 Phleomycin this study 
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FD148 a2 b2 SAD1 truncation13 #3 HG95 Phleomycin this study 
FD149 a2 b2 SAD1 truncation13 #4 HG95 Phleomycin this study 
FD150 a2 b2 SAD1 truncation13 #5 HG95 Phleomycin this study 
 
2.1.4 Escherichia coli strains 
The E. coli strains produced and used in this study are listed below (Table). 
 
Table 3: E. coli strains used and produced in this study. 
Name Genotype Resistance Reference 
BL21 
(DE3) 
F– ompT gal dcm lon hsdSB(rB-
 mB-) λ(DE3 [lacI lacUV5-T7 
gene 1 ind1 sam7 nin5]) 
- 
B834 
(Wood 
1966)  
eFD1 BL21(DE3) + pFD44 #1 Ampicillin This study 
eFD2 BL21(DE3) + pFD44 #2 Ampicillin This study 
eFD3 BL21(DE3) + pFD44 #3 Ampicillin This study 
eFD4 BL21(DE3) + pFD44 #4 Ampicillin This study 
eFD5 BL21(DE3) + pFD44 #5 Ampicillin This study 
TOP10 
F- mcrA Δ(mrr-hsdRMS-mcrBC) 
φ80lacZΔM15 ΔlacX74 nupG 
recA1 araD139 Δ(ara-leu)7697 
galE15 galK16 rpsL(Str
R
) endA1 
λ- 
strep (streptomycin) /Leucine 
auxotroph 
MC1061  
eFD6 TOP10 + pFD1 ampicillin, phleomycin This study 
eFD7 TOP10 + pFD2 ampicillin, phleomycin This study 
eFD8 TOP10 + pFD3 ampicillin, phleomycin This study 
eFD9 TOP10 + pFD4 ampicillin, phleomycin This study 
eFD10 TOP10 + pFD5 ampicillin, phleomycin This study 
eFD11 TOP10 + pFD6 ampicillin, phleomycin This study 
eFD12 TOP10 + pFD7 ampicillin, phleomycin This study 
eFD13 TOP10 + pFD8 ampicillin, phleomycin This study 
eFD14 TOP10 + pFD9 ampicillin, phleomycin This study 
eFD15 TOP10 + pFD10 ampicillin, phleomycin This study 
eFD16 TOP10 + pFD11 ampicillin, phleomycin This study 
eFD17 TOP10 + pFD12 ampicillin, phleomycin This study 
eFD18 TOP10 + pFD13 ampicillin, phleomycin This study 
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eFD19 TOP10 + pFD14 ampicillin, phleomycin This study 
eFD20 TOP10 + pFD15 ampicillin, phleomycin This study 
eFD21 TOP10 + pFD16 Kanamycin, tryptophan This study 
eFD22 TOP10 + pFD17 Kanamycin, tryptophan This study 
eFD23 TOP10 + pFD18 Kanamycin, tryptophan This study 
eFD24 TOP10 + pFD19 Kanamycin, tryptophan This study 
eFD25 TOP10 + pFD20 Kanamycin, tryptophan This study 
eFD26 TOP10 + pFD21 Kanamycin, tryptophan This study 
eFD27 TOP10 + pFD22 Kanamycin, tryptophan This study 
eFD28 TOP10 + pFD23 Kanamycin, tryptophan This study 
eFD29 TOP10 + pFD24 Kanamycin, tryptophan This study 
eFD30 TOP10 + pFD25 Kanamycin, tryptophan This study 
eFD31 TOP10 + pFD26 Kanamycin, tryptophan This study 
eFD32 TOP10 + pFD27 Kanamycin, tryptophan This study 
eFD33 TOP10 + pFD28 Kanamycin, tryptophan This study 
eFD34 TOP10 + pFD29 DL-phosphinothricin, ampicillin This study 
eFD35 TOP10 + pFD30 DL-phosphinothricin, ampicillin This study 
eFD36 TOP10 + pFD31 DL-phosphinothricin, ampicillin This study 
eFD37 TOP10 + pFD32 DL-phosphinothricin, ampicillin This study 
eFD38 TOP10 + pFD33 DL-phosphinothricin, ampicillin This study 
eFD39 TOP10 + pFD34 DL-phosphinothricin, ampicillin This study 
eFD40 TOP10 + pFD35 DL-phosphinothricin, ampicillin This study 
eFD41 TOP10 + pFD36 DL-phosphinothricin, ampicillin This study 
eFD42 TOP10 + pFD37 DL-phosphinothricin, ampicillin This study 
eFD43 TOP10 + pFD38 DL-phosphinothricin, ampicillin This study 
eFD44 TOP10 + pFD39 DL-phosphinothricin, ampicillin This study 
eFD45 TOP10 + pFD40 DL-phosphinothricin, ampicillin This study 
eFD46 TOP10 + pFD41 DL-phosphinothricin, ampicillin This study 
eFD47 TOP10 + pFD42 Ampicillin, leucin This study 
eFD48 TOP10 + pFD43 npt (kanamycin) This study 
eFD49 TOP10 + pFD44 Ampicillin This study 
eFD50 TOP10 + pFD45 Ampicillin This study 
eFD51 TOP10 + pFD46 ampicillin, phleomycin This study 
 
2.1.5 Agrobacterium tumefaciens strains 
The A. tumefaciens strains produced and used in this study are listed below (Table). 
 
Table 4: A. tumefaciens strains used and produced in this study. 
Name Genotype Resistance Reference 
GV3101 
(pMP90RK) 
pMP90RK 
Rifampicin, 
gentamycin,kanamycin  
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aFD1 
pHG44:P35S:GFP-
SAD1/mCHERRY 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD2 pHG45:P35S:GFP/mCHERRY 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD3 
pHG46P35S:GFP-
SAD2/mCHERRY 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD4 
pHG47:P35S:GFP-
SAD1truncation10/ 
mCHERRY 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD5 GV3101(pMP90RK)pFD36 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD6 GV3101(pMP90RK)pFD36 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD7 GV3101(pMP90RK)pFD36 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD8 GV3101(pMP90RK)pFD37 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD9 GV3101(pMP90RK)pFD37 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD10 GV3101(pMP90RK)pFD37 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD11 GV3101(pMP90RK)pFD38 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD12 GV3101(pMP90RK)pFD38 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD13 GV3101(pMP90RK)pFD38 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD14 GV3101(pMP90RK)pFD39 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD15 GV3101(pMP90RK)pFD39 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD16 GV3101(pMP90RK)pFD39 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD17 GV3101(pMP90RK)pFD40 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD18 GV3101(pMP90RK)pFD40 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD19 GV3101(pMP90RK)pFD40 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD20 GV3101(pMP90RK)pFD41 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD21 GV3101(pMP90RK)pHG44 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD22 GV3101(pMP90RK)pHG44 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD23 GV3101(pMP90RK)pHG44 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD24 GV3101(pMP90RK) gentamiycin, kanamycin,  This study 
aFD25 GV3101(pMP90RK)pFD29 gentamiycin, kanamycin, This study 
Materials 
27 
 
Name Genotype Resistance Reference 
carbenicillin/ampicillin 
aFD26 GV3101(pMP90RK)pFD29 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD27 GV3101(pMP90RK)pFD29 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD28 GV3101(pMP90RK)pFD30 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD29 GV3101(pMP90RK)pFD30 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD30 GV3101(pMP90RK)pFD30 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD31 GV3101(pMP90RK)pFD31 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD32 GV3101(pMP90RK)pFD31 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD33 GV3101(pMP90RK)pFD31 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD34 GV3101(pMP90RK)pFD32 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD35 GV3101(pMP90RK)pFD32 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD36 GV3101(pMP90RK)pFD32 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD37 GV3101(pMP90RK)pFD33 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD38 GV3101(pMP90RK)pFD33 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD39 GV3101(pMP90RK)pFD33 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD40 GV3101(pMP90RK)pFD34 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD41 GV3101(pMP90RK)pFD34 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD42 GV3101(pMP90RK)pFD34 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD43 GV3101(pMP90RK)pFD35 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD44 GV3101(pMP90RK)pFD35 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
aFD45 GV3101(pMP90RK)pFD35 
gentamiycin, kanamycin, 
carbenicillin/ampicillin 
This study 
 
2.1.6 Saccharomyces cerevisiae strains 
The S. cerevisiae strains produced and used in this study are listed below (Table). 
 
Table 5: S. cerevisiae strains used and produced in this study. 
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Y2HGold 
MATa, trp1-901, leu2-3, 112, 
ura3-52, his3-200, gal4Δ, 
gal80Δ, LYS2 : : GAL1UAS–
Gal1TATA–His3, 
GAL2UAS–Gal2TATA–Ade2 
URA3 : : MEL1UAS–
Mel1TATA AUR1-C MEL1 
Y187 
MATα, ura3-52, his3-200, 
ade2-101, trp1-901, leu2-3, 
112, gal4Δ, gal80Δ, met–, 
URA3 : : GAL1UAS–
Gal1TATA–LacZ, MEL1 
yFD1 Y2HGOLD pFD16 Kanamycin, tryptophan Drechsler 2012 
yFD2 Y2HGOLD pFD17 Kanamycin, tryptophan Drechsler 2012 
yFD3 Y2HGOLD pFD18 Kanamycin, tryptophan Drechsler 2012 
yFD4 Y2HGOLD pFD19 Kanamycin, tryptophan Drechsler 2012 
yFD5 Y2HGOLD pFD20 Kanamycin, tryptophan Drechsler 2012 
yFD6 Y2HGOLD pFD21 Kanamycin, tryptophan Drechsler 2012 
yFD7 Y2HGOLD pFD22 Kanamycin, tryptophan Drechsler 2012 
yFD8 Y2HGOLD pFD23 Kanamycin, tryptophan Drechsler 2012 
yFD9 Y2HGOLD pFD24 Kanamycin, tryptophan Drechsler 2012 
yFD10 Y2HGOLD pFD25 Kanamycin, tryptophan Drechsler 2012 
yFD11 Y2HGOLD pFD26 Kanamycin, tryptophan Drechsler 2012 
yFD12 Y2HGOLD pFD27 Kanamycin, tryptophan Drechsler 2012 
yFD13 Y2HGOLD pFD28 Kanamycin, tryptophan Drechsler 2012 
yFD14 Y2HGOLD pFD16 Kanamycin, tryptophan Drechsler 2012 
yFD15 Y2HGOLD pFD16 Kanamycin, tryptophan Drechsler 2012 
yFD16 Y2HGOLD pFD17 Kanamycin, tryptophan Drechsler 2012 
yFD17 Y2HGOLD pFD17 Kanamycin, tryptophan Drechsler 2012 
yFD18 Y2HGOLD pFD18 Kanamycin, tryptophan Drechsler 2012 
yFD19 Y2HGOLD pFD18 Kanamycin, tryptophan Drechsler 2012 
yFD20 Y2HGOLD pFD19 Kanamycin, tryptophan Drechsler 2012 
yFD21 Y2HGOLD pFD19 Kanamycin, tryptophan Drechsler 2012 
yFD22 Y2HGOLD pFD20 Kanamycin, tryptophan Drechsler 2012 
yFD23 Y2HGOLD pFD20 Kanamycin, tryptophan Drechsler 2012 
yFD24 Y2HGOLD pFD21 Kanamycin, tryptophan Drechsler 2012 
yFD25 Y2HGOLD pFD21 Kanamycin, tryptophan Drechsler 2012 
yFD26 Y2HGOLD pFD22 Kanamycin, tryptophan Drechsler 2012 
yFD27 Y2HGOLD pFD22 Kanamycin, tryptophan Drechsler 2012 
yFD28 Y2HGOLD pFD23 Kanamycin, tryptophan Drechsler 2012 
yFD29 Y2HGOLD pFD23 Kanamycin, tryptophan Drechsler 2012 
yFD30 Y2HGOLD pFD24 Kanamycin, tryptophan Drechsler 2012 
yFD31 Y2HGOLD pFD24 Kanamycin, tryptophan Drechsler 2012 
yFD32 Y2HGOLD pFD25 Kanamycin, tryptophan Drechsler 2012 
yFD33 Y2HGOLD pFD25 Kanamycin, tryptophan Drechsler 2012 
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yFD34 Y2HGOLD pFD26 Kanamycin, tryptophan Drechsler 2012 
yFD35 Y2HGOLD pFD26 Kanamycin, tryptophan Drechsler 2012 
yFD36 Y2HGOLD pFD27 Kanamycin, tryptophan Drechsler 2012 
yFD37 Y2HGOLD pFD27 Kanamycin, tryptophan Drechsler 2012 
yFD38 Y2HGOLD pFD28 Kanamycin, tryptophan Drechsler 2012 
yFD39 Y2HGOLD pFD28 Kanamycin, tryptophan Drechsler 2012 
yFD40 Y187 pFD42 Ampicillin, leucine This study 
 
2.1.7 Oligonucleotides 
The oligonucleotides produced and used in this study are listed below (Table). 
 
Table 6: Oligonucleotides used and produced in this study.  
Name Sequence Purpose 
oFD013 
CTCTCCTCGCACAAAATGAATCTTCTG
CCCTTCAA 
For SP-SAD1-HA-stop 
oFD014 
CTAAGCGTAATCTGGTACGTCGTATGG
GTATACTGATAAATGGAGAG 
Rev SP-SAD1-HA-stop 
oFD015 
CGGCCGCATTAATAGCCAACGGCAAC
CTCAATACC 
For 50bp-RF-bla-LF-
overhang to phleoR 
oFD016 TTTGTGCGAGGAGAGGCTGG 
Rev 50bp-RF-Bla-LF-
overhang to phleoR 
oFD017 GGCCACTCAGGCCTATTAAT 
Rev PhleoR including SfiI 
cutting site at the ends 
oFD018 
GCTGTCAAACATGAGGGCCTAGATGG
CCACCATGG 
For PhleoR overhang to tnos 
oFD019 CTCATGTTTGACAGCTTATC 
Rev tnos with overhang to 
SAD1-HA-stop 
oFD020 
CCAGATTACGCTTAGGCGGCCGCCCG
GCTGCAGAT 
For tnos with overhang to 
SAD1-HA-stop 
oFD021 TGCGGGCCTCTTCGCTATTA 
For near PciI site to create 
SAD1 product with variable 
primers 
oFD022 GCGGCCGCCCGGCTGCAGAT 
For Backbone  50 bp-RF-
bla-LF-phleoR-tnos no 
overhangs for construct SP-
GFP-SAD1 
oFD023 GTCGGGTTTCGCCACCTCTG 
Rev near PciI site to create 
SAD1 fragment with 
variable primers 
oFD024 GCGACCGGAGAAGAACTTTT For GFP(-ATG)-SAD1 
oFD025 
CAGCCGGGCGGCCGCCTATACTGATA
AATGGAGAG 
Rev GFP(-ATG)-SAD1(-
sIP)including stop codon 
oFD026 
GGATGTCATTGCGCCAGTGGCTCTCAG
AGCGGCGG 
For SAD1(-SP) with 
overhang to SP(SAD1) 
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oFD027 
GGATGTCATTGCGCCGAGGAGCAGAA
GCTGATCTC 
For cmyc-SAD1 including a 
MCS 
oFD028 GAATTCGGCCTCCATGGCCA Rev SAD1 -26-37 AA 
oFD029 
ATGGAGGCCGAATTCGAAGTTGATGA
GCAGGCTGC 
For SAD1 -26-37 AA  
oFD030 GACGTTATGATTACCGCCGC Rev SAD1 -38-49AA 
oFD031 
GGTAATCATAACGTCCGCGTTGCTCAT
CTCGAGAG 
For SAD1 -38-49AA  
oFD032 GGCTCTTAGGTCTTGCGCAG Rev SAD1-50-61 AA 
oFD033 
CAAGACCTAAGAGCCCCTAACTGGTT
CGGCGAGAC 
For SAD1-50-61 AA 
oFD034 ACCCAGTTTAAAGTGTCTCT Rev SAD1-62-73 AA 
oFD035 
CACTTTAAACTGGGTGCACAAGAAGT
CGCTCGATC 
For SAD1-62-73 AA 
oFD036 GACGTGCGGGCCTCTCGTCT Rev SAD1-74-85 AA 
oFD037 
AGAGGCCCGCACGTCTCAGCCAAGTT
CATGGTGCA 
For SAD1-74-85 AA 
oFD038 AGTCAGTCGTAGCTGGGATC Rev SAD1-86-97 AA 
oFD039 
CAGCTACGACTGACTTATCGGTTCAAC
CTGGCCTA 
For SAD1-86-97 AA 
oFD040 ATCTGCTGGATCGTGATGCA Rev SAD1-98-109 AA 
oFD041 
CACGATCCAGCAGATCGGATGCCAGA
TTCGGCCGA 
For SAD1-98-109 AA 
oFD042 ATAAGAAACAGGAGTGTAGG Rev SAD1-110-121 AA 
oFD043 
ACTCCTGTTTCTTATCTCATGCTAAGG
GTAGTCCC 
For SAD1-110-121 AA 
oFD044 AATGCCATGCTTCCAATCGG Rev SAD1-122-133 AA 
oFD045 
TGGAAGCATGGCATTGTGTTGGACCTA
GTCGACTT 
For SAD1-122-133 AA 
oFD046 TTGTGTGGGTTGATGCGGGA Rev SAD1-134-145 AA 
oFD047 
CATCAACCCACACAACAGCGAGAGGT
CGAAGGCTA 
For SAD1-134-145 AA 
oFD048 GGCCAGACCCTCTGGGAAGT Rev SAD1-146-157 AA 
oFD049 
CCAGAGGGTCTGGCCGGGGCGGTGGA
CAAGACTCG 
For SAD1-146-157 AA 
oFD050 GTAGAAACGGCCCCAATAGC Rev SAD1-158-169 AA 
oFD051 
TGGGGCCGTTTCTACGAGTACGGCGA
ACCTGCTCT 
For SAD1-158-169 AA 
oFD052 CCTCAGTATATCTTCACGAG Rev SAD1-170-181 AA 
oFD053 
GAAGATATACTGAGGTAGGGATCCGT
CGACCTGCA 
For SAD1-170-181 AA 
oFD054 
GGATGTCATTGCGCCGAAGTTGATGA
GCAGGCTGC 
For SAD1 -26-37AA + 
overhang to SP 
oFD055 
CAGCCGGGCGGCCGCCTACCTCAGTA
TATCTTCAC 
Rev SAD1 -170-181 AA + 
overhang to tnos 
oFD56 
GGTCTCCCTAACATGTAGGTGGCGGA
GGGGAG 
For truncated SAD1(+parts 
of pgbkt7) and overhang to 
pGBKT7 cut pciI 
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oFD57 
CCTTTTGCTCACATGTTCTTTCCTGCGT
TATCCCC 
Rev truncated SAD1(+parts 
of pgbkt7) and overhang to 
pGBKT7 cut pciI 
oFD58 CATGTGAGCAAAAGGCCAGC For backbone pGBKT7 
oFD59 CATGTTAGGGAGACCAACGA Rev backbone pGBKT7 
oFD60 
CTCTCCTCGCACAAAATGAATCTTCTG
CCCTTCAAAC 
For SAD1-GFP-SAD1 SP-
SAD1 +15bp overhang 
oFD61 
ATCTAGGCCTGAGTGGCCCGGGCGGC
TGCTTTAGCGGCAGCCTCCTTTGCAGC
GGCCTCTGCAAGTACTGATAAATGGA
GAGCAG 
Rev SAD1-GFP-SAD1 SP-
SAD1-stop + HL2 + SfiI to 
oFD62 
oFD62 
ATCTAGGCCACTCAGGCCGCGACCGG
AGAAGAACTTTTC 
For SAD1-GFP-SAD1 
GFP-SAD1 +sfiI to oFD61 
oFD63 
CAGCCGGGCGGCCGCCTATACTGATA
AATGGAGAG 
Rev SAD1-GFP-SAD1 
GFP-SAD1 + 15 bp 
overhang 
oFD64 CAGCCGGGCGGCCGCCTATAC 
For SAD1-GFP-SAD1 
backbone 
oFD65 
ATCTAGGCCTGAGTGGCCTACTGATAA
ATGGAGAGCAG 
Rev SAD1-GFP-SAD1 SP-
SAD1 -stop + SfiI to oFD62 
oFD66 
CGGACCCTGAAACAGAACTTCCAGGG
TGCCGCTGCTGTGATGGTGATGGTGAT
GG 
Rev 6xHIS-3C-SAD1 
backbone 
oFD67 
GTGGCGAAACCCGACAGGACTATAAA
GATACCAGG 
For 6xHIS-3C-SAD1 
backbone + 15b overhang 
oFD68 
CTGTTTCAGGGTCCGGCCAGTGGCTCT
CAGAGCGG 
For 6xHIS-3C-SAD1 SAD1 
+ 15 bp overhang 
oFD72 
CAAATGGGTCGGATCATGTCGTACTAC
CATCACCATC 
For 6xHIS-3C-SAD1 6xHIS 
oFD73 
AGCAGCCGGATCTCATACTGATAAAT
GGAGAGCAGG 
Rev 6xHIS-3C-SAD1 
6xHIS 
oFD74 
CCAATCTAGAATGGCCAGTGGCTCTCA
GAG 
For ATG-SAD1SP 
oFD75 
GAGAGGATCCCGTACTGATAAATGGA
GAGCAGGTTCGCCG 
Rev ATG-SAD1SP 
oFD76 
GGAAGGATCCGATCCGGCTGCTAACA
AAGC 
Rev 6xHIS-SAD1 pet24d 
BamHI site 
oFD77 
GGTATCTAGAAGGGGAATTGTTATCC
GCTC 
For 6xHIS-SAD1 pert24d 
XbaI site 
oFD78 
AGAGTCTAGAATGTCGTACTACCATCA
CCATCACC 
For 6xHIS-SAD1 pet24d 
XbaI-6HIS-SAD1 
oFD79 
GGAAGGATCCCTATACTGATAAATGG
AGAGCAGGTTCGCCG 
Rev 6xHIS-SAD1 BamHI-
stop-6HIS-SAD1 
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oFD80 
ACGCTCGTCGTTTGGTATGGCTTCATT
CAGCTCCGGTTCCCAACGATCAAGGC
GAGTTAC 
Rev right fragment of all 
plasmids 
oFD81 GGAACCGGAGCTGAATGAAG 
For left fragment of all 
plasmids 
oFD82 
CTTTCTCTTCTTAGGTTTGTATAGTTCA
TCCATGCC 
Rev left fragment of GFP-
NLS-SAD1SP 
oFD83 
ACATGGCATGGATGAACTATACAAAC
CTAAGAAGAGAAAGTCTGGTGCTGGA
GCGGCCGCTAG 
For right fragment of GFP-
NLS-SAD1SP 
oFD84 
AGCAGCAGCAGCAGCTTTGTATAGTTC
ATCCATGCC 
Rev left fragment of GFP-
mNLS-SAD1SP 
oFD85 
ACATGGCATGGATGAACTATACAAAG
CTGCTGCTGCTGCTTCTGGTGCTGGAG
CGGCCGCTAG 
For right fragment of GFP-
mNLS-SAD1SP 
oFD86 
AAGAGTAAGTCTTTCAAGAGGAGGAA
GTTTGTATAGTTCATCCATGCC 
Rev left fragment of GFP-
NES-SAD1SP 
oFD87 
TGAACTATACAAACTTCCTCCTCTTGA
AAGACTTACTCTTTCTGGTGCTGGAGC
GGCCGCTAG 
For right fragment of GFP-
NES-SAD1SP 
oFD88 
AGCAGTAGCTCTTTCAGCAGGAGGAG
CTTTGTATAGTTCATCCATGCC 
Rev left fragment of GFP-
mNES-SAD1SP 
oFD89 
TGAACTATACAAAGCTCCTCCTGCTGA
AAGAGCTACTGCTTCTGGTGCTGGAGC
GGCCGCTAG 
For right fragment of GFP-
mNES-SAD1SP 
oFD90 GTCGACCTCGAGGTCCTCTC 
Rev left fragment of SP-
GFP-SAD1SP 
oFD91 GCGACCGGAGAAGAACTTT 
For right fragment of SP-
GFP-SAD1SP 
oFD92 
GAATTGGGACAACTCCAGTGAAAAGT
TCTTCTCCGGTCGCGGCGCAATGACAT
CCTGAGA 
Rev SP-part of SP-GFP-
SAD1SP 
oFD93 
AAGGAAGTTCATTTCATTTGGAGAGG
ACCTCGAGGTCGACATGAATCTTCTGC
CCTTCAA 
For SP-part of SP-GFP-
SAD1SP 
oFD94 TGCCTTGCTCGTCGGTGATG sequencing 
oFD95 TAGGAATTCCTGCAGCCCGG For right fragment of GFP 
oFD96 
CTCTAGAACTAGTGGATCCCCCGGGCT
GCAGGAATTCCTATTTGTATAGTTCAT
CCATGC 
Rev left fragment of GFP 
oFD97 
AAGGAAGTTCATTTCATTTGGAGAGG
ACCTCGAGGTCGACATGGGCTGCTTCC
ACTCAAAGGCAGCAAAAGAATTTGCG
ACCGGAGAAGAACTTTT 
For CBL1 site infront of 
GFP 
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oFD98 ACAAGGCCCGTGAAGATATACTGAGG For SAD1 TRED to ARED 
oFD99 
GGTTCGCCGTACTCCCTCAGTATATCT
TCACGGGCCTTGTCCACCGCCCCGTAG
AAACGG 
Rev SAD1 TRED to ARED 
+ 40 bp overhang 
oFD100 TGACTGCCGCCAAGTTCATGGTGCATC For SAD1 SAK to AAK 
oFD101 
TCTGCTGGATCGTGATGCACCATGAAC
TTGGCGGCAGTCAGTCGTAGCTGGGA
TCGAGCG 
Rev SAD1 SAK to AAK + 
40 bp overhang 
oFD102 CTGTTGCCTATCGGATGCCAGATTCG For SAD1 SYR to AYR 
oFD103 
TGCTTCCAATCGGCCGAATCTGGCATC
CGATAGGCAACAGGAGTGTAGGCCAG
GTTGAAC 
Rev SAD1 SYR to AYR + 
40 bp overhang 
oFD104 ACAAGGATCGTGAAGATATACTGAGG For SAD1 TRED to DRED 
oFD105 
GGTTCGCCGTACTCCCTCAGTATATCT
TCACGATCCTTGTCCACCGCCCCGTAG
AAACGG 
Rev SAD1 TRED to DRED 
+ 40bp overhang 
oFD106 TGACTGAGGCCAAGTTCATGGTGCATC For SAD1 SAK to EAK 
oFD107 
TCTGCTGGATCGTGATGCACCATGAAC
TTGGCCTCAGTCAGTCGTAGCTGGGAT
CGAGCG 
Rev SAD1 SAK to EAK + 
40 bp overhang 
oFD108 CTGTTGAGTATCGGATGCCAGATTCG For SAD1 SYR to EYR 
oFD109 
TGCTTCCAATCGGCCGAATCTGGCATC
CGATACTCAACAGGAGTGTAGGCCAG
GTTGAAC 
Rev SAD1 SYR to EYR + 
40 bp overhang 
oFD110 
CGACATGGGCTGCTTCCACTCAAAGG
CAGCAAAAGAATTTGCGACCGGAGAA
GAACTTTTCACTGG 
oFD97 + 6 bases + CBL1 
(12 aa) 
oFD111 
TCGCAAATTCTTTTGCTGCCTTTGAGT
GGAAGCAGCCCATGTCGACCTCGAGG
TCCTCTC 
Rev oFD90-overhang 
oFD112 
AGGCGGATCCATGGGACAGGGAATTC
TAAAG 
For BamHI + RGLG2 
A. thaliana 
oFD113 
ACGGCTCGAGTTAGTAGAGCTTTATTC
TTGTCTGG 
Rev XhoI + RGLG2 
A. thaliana 
oFD114 
GGGGACAAGTTTGTACAAAAAAGCAG
GCTCCGGGACAGGGAATTCTAAAG 
For attb site + RGLG2 
A. thaliana 
oFD115 
GGGGACCACTTTGTACAAGAAAGCTG
GGTTTAGTAGAGCTTTATTCTTG 
Rev attb site + RGLG2 
A. thaliana 
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oFD116 
GGGGACAAGTTTGTACAAAAAAGCAG
GCTCCAATCTTCTGCCCTTCAAACT 
For attb site + SAD1 + SP 
oFD117 
GGGGACCACTTTGTACAAGAAAGCTG
GGTCTATACTGATAAATGGAGAGC 
Rev attb site + SAD1 + SP 
(incorrect) 
oFD118 
GGGGACAAGTTTGTACAAAAAAGCAG
GCTTCAGTGGCTCTCAGAGCGGC 
For attb site + SAD1DSP 
oFD119 
ATCCTGGATCCTTGGGCAAAACCACA
GCGCGCAG 
For BamHI + RGLG2 
ACL54587.1 
oFD120 
GCCGGGAGCTCCTAGTATAGCTTTATT
CTTGTGG 
Rev SacI + RGLG2 
ACL54587.1 
oFD121 
GGGGACAAGTTTGTACAAAAAAGCAG
GCTCCGGGACAGGGAATTCTAAAGGG
GCAAAACCACAGCGCG 
For attb site + RGLG2 
ACL54587.1 (incorrect) 
oFD122 
GGGGACCACTTTGTACAAGAAAGCTG
GGTTTAGTAGAGCTTTATTCTTGCTAG
TATAGCTTTATTCTTGTGG 
Rev attb site + RGLG2 
ACL54587.1 (incorrect) 
oFD123 
GGGGACCACTTTGTACAAGAAAGCTG
GGTCTATACTGATAAATGGAGAGCAG
GTTC 
Rev attb site + SAD1 
oFD124 
ATCCTGGATCCTTGGGCAAAACCACA
GCGCG 
For BamHI + RGLG2 
ACL54587.1 
oFD125 
GCCGGGAGCTCCTAGTATAGCTTTATT
CTTGTGGTGATGGGAG 
Rev SacI + RGLG2 
ACL54587.1 optimized 
oFD120 
oFD126 
GGGGACAAGTTTGTACAAAAAAGCAG
GCTTCGGGCAAAACCACAGCGCG 
For attb site + RGLG2 
ACL54587.1 
oFD127 
GGGGACCACTTTGTACAAGAAAGCTG
GGTCCTAGTATAGCTTTATTCTTGTGG
TGATGGGAG 
Rev attb site + RGLG2 
ACL54587.1 optimized 
oFD122 
For = forward; Rev = reverse 
 
2.1.8 Plasmids 
The plasmids produced and used in this study are listed below (Table). 
 
Table 7: Plasmids used and produced in this study. 
Name Genotype Selection marker Reference 
pBluescript+ 
 
ampicillin 
Agilent 
technology 
pBS-phleo+ 
phleomycin resistance cassette as SfiI-
SfiI-fragment in pBluescript 
ampicillin, 
phleomycin 
AG 
Schirawski 
pFD1 
pBS-phleo SAD1-HA into the native 
SAD1 locus in S. reilianum by 
ampicillin, 
phleomycin 
Drechsler 
2012 
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homologous recombination 
pFD2 
pBS-phleo MYC-SAD1 into the native 
SAD1 locus in S. reilianum by 
homologous recombination 
ampicillin, 
phleomycin 
Drechsler 
2012 
pFD3 
pBS-phleo SAD126-37 into the native 
SAD1 locus in S. reilianum by 
homologous recombination 
ampicillin, 
phleomycin 
Drechsler 
2012 
pFD4 
pBS-phleo SAD138-49 into the native 
SAD1 locus in S. reilianum by 
homologous recombination 
ampicillin, 
phleomycin 
Drechsler 
2012 
pFD5 
pBS-phleo SAD150-61 into the native 
SAD1 locus in S. reilianum by 
homologous recombination 
ampicillin, 
phleomycin 
Drechsler 
2012 
pFD6 
pBS-phleo SAD162-73 into the native 
SAD1 locus in S. reilianum by 
homologous recombination 
ampicillin, 
phleomycin 
Drechsler 
2012 
pFD7 
pBS-phleo SAD174-85 into the native 
SAD1 locus in S. reilianum by 
homologous recombination 
ampicillin, 
phleomycin 
Drechsler 
2012 
pFD8 
pBS-phleo SAD186-97 into the native 
SAD1 locus in S. reilianum by 
homologous recombination 
ampicillin, 
phleomycin 
Drechsler 
2012 
pFD9 
pBS-phleo SAD198-109 into the 
native SAD1 locus in S. reilianum by 
homologous recombination 
ampicillin, 
phleomycin 
Drechsler 
2012 
pFD10 
pBS-phleo SAD1110-121 into the 
native SAD1 locus in S. reilianum by 
homologous recombination 
ampicillin, 
phleomycin 
Drechsler 
2012 
pFD11 
pBS-phleo SAD1122-133 into the 
native SAD1 locus in S. reilianum by 
homologous recombination 
ampicillin, 
phleomycin 
Drechsler 
2012 
pFD12 
pBS-phleo SAD1134-145 into the 
native SAD1 locus in S. reilianum by 
homologous recombination 
ampicillin, 
phleomycin 
Drechsler 
2012 
pFD13 
pBS-phleo SAD1146-157 into the 
native SAD1 locus in S. reilianum by 
homologous recombination 
ampicillin, 
phleomycin 
Drechsler 
2012 
pFD14 
pBS-phleo SAD1158-169 into the 
native SAD1 locus in S. reilianum by 
homologous recombination 
ampicillin, 
phleomycin 
Drechsler 
2012 
pFD15 
pBS-phleo SAD1170-181 into the 
native SAD1 locus in S. reilianum by 
homologous recombination 
ampicillin, 
phleomycin 
Drechsler 
2012 
pGBKT7 GAL4-BD 
Kanamycin, 
tryptophan 
Clontech 
pFD16 
pGBKT7 BD-SAD126-37 in  
S. cerevisiae  
Kanamycin, 
tryptophan 
Drechsler 
2012 
pFD17 
pGBKT7 BD-SAD138-49 in  
S. cerevisiae  
Kanamycin, 
tryptophan 
Drechsler 
2012 
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pFD18 
pGBKT7 BD-SAD150-61 in  
S. cerevisiae  
Kanamycin, 
tryptophan 
Drechsler 
2012 
pFD19 
pGBKT7 BD-SAD162-73 in  
S. cerevisiae  
Kanamycin, 
tryptophan 
Drechsler 
2012 
pFD20 
pGBKT7 BD-SAD174-85 in  
S. cerevisiae  
Kanamycin, 
tryptophan 
Drechsler 
2012 
pFD21 
pGBKT7 BD-SAD186-97 in  
S. cerevisiae  
Kanamycin, 
tryptophan 
Drechsler 
2012 
pFD22 
pGBKT7 BD-SAD198-109 in  
S. cerevisiae  
Kanamycin, 
tryptophan 
Drechsler 
2012 
pFD23 
pGBKT7 BD-SAD1110-121 in  
S. cerevisiae  
Kanamycin, 
tryptophan 
Drechsler 
2012 
pFD24 
pGBKT7 BD-SAD1122-133in  
S. cerevisiae  
Kanamycin, 
tryptophan 
Drechsler 
2012 
pFD25 
pGBKT7 BD-SAD1134-145 in 
S. cerevisiae  
Kanamycin, 
tryptophan 
Drechsler 
2012 
pFD26 
pGBKT7 BD-SAD1146-157 in  
S. cerevisiae  
Kanamycin, 
tryptophan 
Drechsler 
2012 
pFD27 
pGBKT7 BD-SAD1158-169 in  
S. cerevisiae  
Kanamycin, 
tryptophan 
Drechsler 
2012 
pFD28 
pGBKT7 BD-SAD1170-181 in  
S. cerevisiae  
Kanamycin, 
tryptophan 
Drechsler 
2012 
pGADT7 GAL4-AD 
Ampicillin, 
leucin 
Clontech 
pHG45 P35S:GFP/mCHERRY 
DL-
phosphinothricin, 
ampicillin 
Ghareeb 
2011 
pHG46 P35S:GFP-SAD2/mCHERRY 
DL-
phosphinothricin, 
ampicillin 
Ghareeb 
2011 
pHG47 P35S:SAD1 truncation10/mCHERRY 
DL-
phosphinothricin, 
ampicillin 
Ghareeb 
2011 
pHG44 P35S:GFP-SAD1/mCHERRY 
DL-
phosphinothricin, 
ampicillin 
Ghareeb 
2011 
pAMPAT-
MCS-GFP-
SAD1SP 
inserted GFP-SAD1SP between left 
and right border (A. tumefaciens) 
Kanamycin, 
ampicillin 
Ghareeb et 
al.2015 
pFD29 pHG44 with SAK to AAK  
DL-
phosphinothricin, 
ampicillin 
This study 
pFD30 
pFD39 + addition of CBL1 site with 
ATG and deletion of ATG from the 
GFP 
DL-
phosphinothricin, 
ampicillin 
This study 
pFD31 pHG44 with SAK to EAK  
DL-
phosphinothricin, 
ampicillin 
This study 
pFD32 pHG44 with SYR to AYR  DL- This study 
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phosphinothricin, 
ampicillin 
pFD33 pHG44 with SYR to EYR  
DL-
phosphinothricin, 
ampicillin 
This study 
pFD34 pHG44 with TRED to ARED  
DL-
phosphinothricin, 
ampicillin 
This study 
pFD35 pHG44 with TRED to DRED  
DL-
phosphinothricin, 
ampicillin 
This study 
pFD36 
pHG44 with NLS between GFP and 
SAD1  
DL-
phosphinothricin, 
ampicillin 
Romich 
2014 
pFD37 
pHG44 with mutated NLS between 
GFP and SAD1  
DL-
phosphinothricin, 
ampicillin 
Romich 
2014 
pFD38 
pHG44 with NES between GFP and 
SAD1  
DL-
phosphinothricin, 
ampicillin 
Romich 
2014 
pFD39 
pHG44 with mutated NES between 
GFP and SAD1  
DL-
phosphinothricin, 
ampicillin 
Romich 
2014 
pFD40 
pHG44 with SP from SAD1 at  
N-terminus of GFP 
DL-
phosphinothricin, 
ampicillin 
Romich 
2014 
pFD41 pHG44 without SAD1  
DL-
phosphinothricin, 
ampicillin 
Romich 
2014 
pFD42 
pGADT7 for expression of AD-SAD1 
in S. cerevisiae 
Ampicillin, 
leucin 
This study 
pET24d pT7:6xHIS-Gene of interest Kanamycin 
EMD 
Biosciences 
pFD43 
pET24d plus SAD1 (-SP) fused to 
6xHIS tag 
Kanamycin This study 
pDEST17 pT7:6xHIS-Gene of interest (Gateway) Ampicillin Invitrogen 
pFD44 
pDEST17 plus SAD1 (-SP) fused to 
6xHIS tag 
Ampicillin This study 
pFD45 
pFD44 plus 3C protease site before  
SAD1SPfused to 6xHIS tag 
Ampicillin This study 
pFD46 
pBS-phleo+ plus SAD1-GFP-SAD1 
construct 
Ampicillin, 
phleomycin 
This study 
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2.1.9 Chemicals, enzymes and suppliers 
All chemicals used in the stated experiments were of molecular biology grade supplied by 
Sigma, Fluka, Clonetech, Merck, Roche, Bio-Rad, Difco or Roth. Exceptions are indicated 
in the text. 
 
2.1.10 Media and Solutions 
PD Medium 
24 g/l Potato Dextrose Broth 
20 g/l Agar Kobe I (only for solid medium) 
 
YEPSL Medium Modified from (Tsukuda et al. 1988) 
10 g/l Tryptone 
10 g/l Yeast extract 
10 g/l Sucrose 
 
Regeneration Medium (Schulz et al. 1990) 
10 g/l Tryptone 
10 g/l Yeast extract 
10 g/l Sucrose  
182.2 g/l Sorbitol 
20 g/l Agar Kobe I (only for solid medium) 
 
NSY Glycerin Medium (Holliday 1974) 
8 g/l Nutrient Broth 
10 g/l Yeast extract 
5 g/l Sucrose 
696 ml/l Glycerin 
 
H2O Agar Medium 
10 g/l Agar Kobe I 
 
YPDA Medium 
20 g/l Difco peptone 
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10 g/l Yeast extract 
0.03 g/l Adenine hemisulfate 
20 g/l Agar Kobe I (only for solid medium) 
pH= 6.5 
40 ml/l 50% Glucose (after autoclaving the medium) 
 
SD Medium 
6.7 g/l Yeast nitrogen base without amino acids 
100 ml/l Appropriate sterile 10X dropout solution (see below) 
20 g/l Agar Kobe I (only for solid medium) 
pH= 5.8 
40 ml/l 50% Glucose (after autoclaving the medium) 
 
MS medium 
4.4 g/l Murashige and Skoog basal salt mixture (Duchefa) 
0.8% Agar Kobe I 
 
GM medium 
1 x MS Murashige and Skoog basal salt mixture (Duchefa) 
10 g sucrose 
0.5 g 2-[N-morpholino]ethanesulfonic acid (MES) 
pH = 5.7 
0.8% agar Kobe I 
 
10X Dropout Solution 
200 mg/l L-Adenine hemisulfate salt 
200 mg/l L-Arginine HCl 
200 mg/l L-his  tidine HCl monohydrate 
300 mg/l L-Isoleucine 
1000 mg/l L-Leucine 
300 mg/l L-Lysine HCl 
200 mg/l L-Methionine 
500 mg/l L-Phenylalanine 
2000 mg/l L-Threonine 
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200 mg/l L-Tryptophan 
300 mg/l L-Tyrosine 
200 mg/l L-Uracil 
1500 mg/l L-Valine 
 
2.2 Nicotiana benthamiana methods 
2.2.1 Growth conditions of N. benthamiana 
N. benthamiana plants were grown in 10 cm x 10 cm x 10 cm plastic pots for infiltration 
with A. tumefaciens cultures. Seeds were sown on water saturated VM soil. Sown seeds 
were stratified for 2 days in the dark at 4°C. Stratified seeds were transferred into a 
percival to grow under long day conditions for 2-4 weeks at 150 µmol light, 22°C light for 
16 hours and 18°C dark for 8 hours. Plants were used for infiltration when leaves were big 
enough for up to 4 infiltrations. 
 
2.2.2 Agrobacterium-mediated transient expression via leaf infiltration 
of N. benthamiana  
Transient expression of genes integrated by A. tumefaciens into the genome of N. 
benthamiana plants was used as a quick in planta screening method for protein localization 
experiments. A preculture of 5 ml LB with appropriate antibiotics was inoculated with a 
single colony of A. tumefaciens. The preculture was grown overnight at 28°C and 230 rpm. 
The next day a 75 ml LB main culture with appropriate antibiotics and supplemented with 
20 µM acetosyringone (100mM stock in DMSO) was inoculated with 1 ml of the 
preculture. The main culture was grown overnight at 28°C and 200 rpm. In the morning of 
the next day the OD600nm of the culture was measured. Cells of the main culture were 
pelleted by centrifugation at 5000 g for 15 min.. The pelleted cells were resuspended in re-
suspension solution (10 mM MgCl2, 10 mM MES-K [pH 5.6], 100µM acetosyringone 
[after autoclavation and shortly before use]) to a final OD600nm of 0.4-0.6. Resuspended 
cells were left to incubate overnight at RT. The next day infiltration was performed using 
big leaves of the grown plants and 1-2 ml syringes filled with the resuspended cells. Cells 
were infiltrated by pressing the syringe gently against the lower side of the N. benthamiana 
leaf and simultaneously using a fingertip to provide counter-pressure from the upper side 
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of the leaf. Infiltrated areas could clearly be seen as the liquid spread through the leaf. 
Infiltrated plants were transferred for 2-5 more days of growth back into the percival. 
Localization of fluorescent proteins was observed using a fluorescence microscope. 
 
2.3 Arabidopsis thaliana methods 
2.3.1 Growth of A. thaliana 
A. thaliana seeds were sown on water saturated VM soil. Seeds were stratified in the dark 
at 4°C for 2 days. Plants were grown under long day conditions at at 150 µmol light, 22°C 
light for 16 hours and 18°C dark for 8 hours in a Percival (Johnson control) until 
cotyledons were fully emerged. Seedlings were picked and transferred to fresh pots at the 
desired density. Freshly transferred seedlings were covered in a plastic dome and grown in 
a moist environment until it was obvious that plants continued to grow. Afterwards, the 
plastic dome was removed and plants were evaluated when the desired age was reached. 
When roots of plants should be analysed or plants needed to grow in steril environment, 
plants were grown on MS agar plates. Steril seeds were placed on MS agar plates 
containing the appropriate selection marker. Plates were sealed with parafilm. Seeds were 
stratified for 2-4 days at 4°C in the dark. After stratification, seeds were transferred to a 
percival with 150 µmol light for 16 hours at 22°C and 18°C at night and grown until the 
desired age was reached. 
 
2.3.2 Floral dip 
Floral dip of A. thaliana plants in A. tumefaciens solution was carried out as described in 
Bechtold et al. 1993 and Clough & Bent 1998. Floral dip of A. thaliana was performed to 
randomly integrate DNA constructs into the genome of A. thaliana using A. tumefaciens as 
a shuttle. Seeds of the desired A. thaliana background are sown on wet VM soil and 
stratified for 2 days at 4°C. Pots with stratified seeds are moved to the percival and grown 
under long day conditions until cotyledons fully emerged. Plants of the same growth stage 
were transferred into 10 cm x 10 cm x 10 cm plastic pots to a density of 5 plants per pot. 
Per strain, 15 plants were used for transformation. Plants were grown until the first bolts 
emerged. The first emerging bolts were cut to promote outgrowth of secondary branches. 
One week after clipping, plants should show new bolts of a height between 2 and 10 cm. 
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Siliques that already grew out were manually removed. Plants at this stage were ready for 
floral dipping. Three days before plant dipping, freshly grown A. tumefaciens cells were 
used to inoculate 5 ml LB liquid culture with appropriate antibiotics. Cells were grown for 
two days at 28°C shaking at 230 rpm. A. tumefaciens cells contained an additional plasmid. 
The plasmid contains a left- and right-border region that outlines the DNA region to be 
transferred. At this time point plants were no longer watered. After two days a 400 ml LB 
main culture with antibiotics was inoculated with 2 ml of the preculture. The main culture 
was grown for 24 h at 28°C and shaking at 230 rpm to an OD600nm of 0.6-1. The main 
culture was pelleted by centrifugation at 4500 rpm for 15 min.. The pelleted cells were 
resuspended in 400 ml infiltration medium (0.5 x Murashige and Skoog salts [Sigma], 5% 
sucrose [w/v], 50 μl/l Silwet L-77 [Lehle Seeds], 10 μl/l benzylamino purine [stock 
solution 1mg/ml in DMSO] pH 5.7) and the cell suspension was decanted into a tray of 4-6 
cm height. Plants were dipped into the cell suspension and soaked for more than 30 
seconds. Pots were then placed on their sides and covered with a plastic dome for 24 h. 
The dome was removed and plants were rinsed with water after which they were grown 
until seeds could be collected. 
 
2.3.3 Seed collection of A. thaliana 
Seeds of A. thaliana plants were collected after plant transformation, to determine their 
weight or to produce new seeds of an already established A. thaliana line. Seeds were 
selected by placing a paper bag over A. thaliana plants as soon as the browning of the first 
siliques starts. After the paper bag was placed, plants were no longer watered. Plants were 
grown further until they were completely dried out. Dried plants were cut and siliques were 
opened and removed from the cauline by pressing the entire plant in the paper bag by hand. 
The cauline and all branches were removed from the bag and the seeds were carefully 
placed on white watman paper. Residual parts of the plant were separated from the seeds 
by gently blowing on the whatman paper. Pure seeds were stored in 1.5 ml plastic tubes at 
RT. 
 
2.3.4 Salt stress on agar plates 
A. thaliana plants were grown on 0.5 x MS medium under long day conditions with 150 
µmol light until they produced 4 leaves including the cotyledons. Plants were transferred 
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on 0.5 x MS plates containing 200 mM NaCl. Plants were very gently loosened from the 
agar by using steril tooth picks and gloves. Plants that lost parts of the root while being 
removed from the first plate were discarded. After the plants were transferred to the salt 
containing plates, the roots of the plants were gently pressed into the agar to allow the 
roots to get into contact with the agar plate. Plant growth was monitored on a daily basis 
and changes in leaf number, color or size were noted.  
 
2.4 Saccharomyces cerevisiae methods 
2.4.1 Growth of S. cerevisiae 
Yeast cells were grown on YPDA or SD agar plates supplemented with the appropriate 
dropout solution and antibiotics. Inoculated plates were incubated at 30°C for 3-5 days or 
until single colonies of a size of 1-2 mm were visible. Liquid cultures were inoculated with 
a single colony. The colony was pre-resuspended in 1 ml of the medium used and by then 
vortexed for 20 sec or until no more cell clumps were visible. Liquid cultures were 
inoculated with 1 ml of the same growth medium which was either YPDA or SD 
supplemented with the appropriate dropout solution and antibiotics. Liquid cultures were 
grown at 30°C and 250 rpm. Strains were stored at –80°C in YPDA or SD supplemented 
with the appropriate dropout solution and antibiotics medium with 30% glycerol.  
 
2.4.2 LiAc transformation of S. cerevisiae 
Transformation of S. cerevisiae cells was carried out according to Ito et al. 1983 and 
Clontech Yeast Protocols Handbook 2009 with some modifications. Several yeast colonies 
were inoculated in 50 ml YPDA or SD supplemented with the appropriate dropout 
solutions or antibiotics. The preculture was grown for 18 h at 30°C and 250 rpm to an 
OD600nm of higher than 1.5. A main culture was made of 300 ml YPDA or SD 
supplemented with the appropriate dropout solutions or antibiotics, was inoculated with 30 
ml of the preculture to an OD600nm of 0.3. The main culture was grown for 3h at 30°C and 
230 rpm. At an OD600nm of 0.4-0.6, cultures were pelleted by centrifugation at 1000 g for 5 
min. at RT. The supernatant was discarded and the cells were resuspended in sterile H2O. 
Resuspended cells were centrifuged at 1000 g for 5 min. and the supernatant was decanted. 
The cell pellet was resuspended in 1.5 ml 1 x TE (10 x TE stock, 12.1 g/l , Tris-Base, 3.7 
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g/l Na2-EDTA x 2 H2O, pH 7.5)/1 x LiAc (10 x LiAc, 66 g/l LiAc, pH 7.5). Yeast cells 
were now competent. Then, 100 ng of the plasmid and 100µg of carrier DNA were added 
to 100 µl of the yeast competent cells. Afterwards, 600 µl of sterile PEG/LiAc (8 Vol 50% 
PEG3350, 1 Vol 10 x TE, 1 Vol 10 x LiAc) were added to the mixture and the tube was 
mixed by vortexing for 10 sec. Cells were grown for 30 min. at 30°C while shaking at 200 
rpm. After incubation, 70 µl of DMSO were added and the tube was gently inversed. 
Plasmids were transformed by heat shock at 42°C for 15 min. in a water bath. Cells were 
immediately placed on ice for 2 min. and cells were centrifuged for 5 sec at 13000 rpm. 
The supernatant was discarded and cells were resuspended in 500 µl of 1 x TE buffer. 
Transformed cells were plated on selection agar plates and grown for days at 30°C.  
 
2.4.3 Mating of yeast strains 
To perform the yeast two-hybrid protein-protein interaction assay, yeast cells need to be 
mated. I used compatible yeast strains Y2HGOLD and Y187 from the Matchmaker™ Gold 
Yeast Two-Hybrid System (Clontech, Saint-Germain-en-Laye, France). Transformed 
Y2HGOLD and Y187 were grown at 30°C on SD plates supplemented with the 
appropriate dropout solutions and antibiotics until 2-3 mm colonies were visible. A single 
colony from each strain was used to inoculate 2X YPDA liquid medium. The mixed 
culture was incubated at 30°C with 50 rpm shaking for 20-24 h. Mated cells were spread 
on SD-Leu-Trp agar plates and grown at 30°C for up to 5 days or until single colonies 
were visible. 
 
2.4.4 Mating of yeast strains in microtiter plates 
The strain Y2HGold containing the plasmid pGBKT7-truncated SAD1 a 2-3 mm colony 
was picked and inoculated in 3 ml SD–Trp medium. The culture was incubated at 250 rpm 
at 30°C overnight. A 20 ml SD-Trp main culture was inoculated with the preculture. The 
main culture was grown at 30°C, 250 rpm and overnight to an OD600nm of 5-7. Cells were 
pelleted by centrifugation for 5 min. at 700g. The supernatant was discarded and cells were 
resuspended in 45 ml 2X YPDA medium. 
Y187 was previously transformed with pGADT7-“Prey 1-138” (Ghareeb 2011). 
Transformed yeast strains were grown on SD–Leu plates at 30°C for 4-5 days or until clear 
growth was visible. Shortly before mating, the prey strains were re-plated on a fresh SD–
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Leu plate and grown for 3 days at 30°C. Strains were inoculated in 100 μl SD–Leu 
medium using a 96-prong replicator and 96 well plates. The plates were sealed using 
parafilm and incubated for 2 days at 30°C and 250 rpm. After incubation, cells were 
precipitated by standing still for 1-2 h and 75 μl of the supernatant were removed. 
Mating was achieved by distributing 150 μl of the previously prepared Y2HGOLD in 2x 
YPDA in each well of the 96 well plate containing the remaining culture of Y187 + 
pGADT7-“Prey 1-138”. Mixed strains were grown for 24 h at 20°C and 50-70 rpm. 
Mating was verified by microscopy and screening for zygotes (mickey-mouse heads). 
Mated strains were plated on DDO medium (SD–Trp–Leu) using a 96-prong replicator. 
Plates were incubated for 4-5 days at 30°C. 
 
2.4.5 Yeast two-hybrid screen 
The yeast two-hybrid screen was used to find protein-protein interactions between SAD1 
or truncated versions of SAD1 and other proteins. We used the Matchmaker™ Gold Yeast 
Two-Hybrid System (Clontech, Saint-Germain-en-Laye, France). The screen used strains 
that were mated and grown on SD-leu-trp (DDO) agar plates. Colonies of mated strains 
were inoculated in 100 µl DDO liquid medium and incubated for 2 days at 30°C and 250 
rpm. Grown cells were spread on multiple selection plates: DDO plates to confirm the 
presence of plasmids; SD-leu-trp-ade-his plates (QDO) to test for activation of the reporter 
genes ADE2 and HIS3. Two mated controls were used to confirm interaction events. As 
negative controls the plasmids pGBKT7-Lam (containing the Lam coding sequence) and 
pGADT7-T (containing T antigen coding sequence) were transformed into the yeast strains 
Y2HGold and Y187. As positive controls the plasmids pGBKT7-53 (containing p53 
coding sequence) and pGADT7-T were transformed into the yeast strains Y2HGold and 
Y187. Plates containing all strains were incubated for 4-5 days at 30°C. Finally, plates 
were evaluated. Growth of colonies indicated that interaction between SAD1 and a protein 
expressed by the pGADT7 plasmid took place. 
 
Materials 
46 
 
2.5 Maize methods 
2.5.1 Growth conditions of maize variety Gaspe Flint 
Seeds of Gaspe Flint were put into 13 cm diameter pots filled with ED73 (Balster 
Einheitserdewerk GmbH) soil. Seeds were buried ca. 5-9 cm deep into the soil using the 
index finger. The soil was watered until the uptake limit of the soil was reached. Plants 
were evaluated after germination. Albino plants and plants that were significantly smaller 
than the rest of the plants were removed from the pots. Pots with plants for infection 
experiments contained 4-5 plants. Pots with plants for seed production contained up to 2 
plants. Plants were watered by applying up to 3 cm water into the table below the pots 
when the soil appeared to be dry. Plants were checked at least every two days. The 
greenhouse was set to supply light when the outdoor light intensity was below 900 µmol 
(350 µmol including 60% shading coefficient from the lamps) for 16 hours per day. During 
day time the greenhouse regulated the temperature to 26°C while the temperature was 
dropped to 22°C at night time. Plants were treated once per week with Steinernema feltiae 
(Sautter und Stepper) and every two weeks with Amblyseius barkeri/cucumeris (Sautter 
und Stepper). Seeds of plants were collected after plant development was finished and the 
plants were completely dried. 
 
2.5.2 Infection of maize plants 
Maize plants were infected with compatible S. reilianum strains in the seedling stage to test 
the ability of the S. reilianum strains to produce spores, leafy or additional ears. Prior to 
infection, S. reilianum strains were cultivated from a -80°C stock on PD agar plates. After 
colonies were visible, 2 ml YEPSL liquid medium was inoculated with fungal material to 
make the preculture appear slightly turbid. The preculture was grown in the morning of the 
day before the infection at 28°C with 200 rpm shaking for 8-12 h. In the evening of the 
same day, a 50 ml PD main culture was inoculated with culture from the preculture. The 
main culture was grown overnight to an OD600nm of 0.6-0.8. The culture was pelleted by 
centrifugation at 3500 rpm for 5 min.. The supernatant was decanted and the cell pellet was 
resuspended in sterile H2O to a final OD600nm of 2. Before the compatible strains were 
mixed, 5 µl of each strain was dropped onto a H2O agar plate. The strains were mixed with 
equal volumes and 5 µl of the mixture was dropped onto a H2O agar plate. The H2O agar 
plate was sealed with parafilm and incubated at RT overnight. This was done to check for 
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the production of hyphae after successful mating. The mixed culture was used to infect 7 
day old seedlings of Gaspe Flint plants. For infection, a syringe was used to penetrate 
leaves 1 cm above ground and to apply the inoculum into the middle of the leaf whorl. 
After infection plants were not watered for 24 h. Twenty five plants were inoculated per 
strain combination. Per construct, 2-3 strain combinations were tested. Virulence and 
number of ears per plant were analysed after 8 weeks post infection. 
 
2.5.3 Evaluation of virulence and number of ears 
Plants infected with S. reilianum strains were evaluated for virulence and number of 
produced ears 8 weeks after the inoculation. To categorize infected plants, a system 
established in Ghareeb 2011 was used. Plants were analysed by categorizing the tassel first, 
removing the tassel, carefully removing the ears from the stem followed by removing all 
husk leaves until the phenotype of the ear was visible. Outgrowth at the shank below the 
apical ear was detached from the shank. Outgrowth was tested for the presence of ears by 
carefully removing the husk leaves. Outgrowth that could be identified macroscopically as 
an ear was counted as such. Plants were categorized by the most severe symptom of the 
single plant. Apical and subapical ears were counted per plant and summed up.  
 
2.6 Sporisorium reilianum methods 
2.6.1 Cultivation of S. reilianum 
S. reilianum strains were grown on PD, regeneration agar or water agar supplied with 
appropriate antibiotics at 28°C or at ca. 20°C (mating test on water agar). S. reilianum 
strains were grown in PD or YEPSL liquid medium at 28°C in baffled flasks (Duran) at 
200 rpm or in a test tubes at 28°C in a 70° rotating test tube wheel. Strains were stored at -
80°C in 50% inoculated PD liquid medium mixed with 50% NSY glycerin. 
 
2.6.2 Preparation of S. reilianum protoplasts 
Protoplast and transformation of S. reilianum were prepared as described in Schulz et al. 
1990 and Gillissen et al. 1992 with some modifications. Protoplasts were used to enable 
introduction of heterologous DNA into fungal cells by transformation. To produce 
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protoplasts, a preculture of 2 ml YEPSL liquid medium was inoculated by a single colony 
of the desired S. reilianum strain. The preculture was grown for 8-12 h at 28°C at 200 rpm. 
A 100 ml YEPSL main culture was inoculated with the preculture and the main culture 
was grown overnight at 28°C at 200 rpm to an OD600nm of 0.6-0.8. Cells were pelleted by 
centrifugation at 3500 rpm for 5 min.. The supernatant was discarded and the cell pellet 
was resuspended in 50 ml SCS (20 mM Na-Citrat, pH 5.8, 1 M Sorbitol, the solution was 
filter-sterilized). Centrifugation at 3500 rpm for 10 min. produced a cell pellet. The pellet 
was resuspended in 2 ml novozyme solution (Novo Nordisc, Copenhagen, Denmark) and 
incubated for 5 min. at RT. Cells were checked for protoplastation under the microscope. 
The protocol was continued if 50% of all cells formed round protoplast, otherwise the 
solution was incubated further and checked after 5 min.. All steps after protoplastation 
were performed with extreme care to not destroy the protoplast. Protoplastation reaction 
was stopped by the addition of 20 ml SCS buffer and centrifugation at 2300 rpm for 15 
min.. The supernatant was discarded. The pellet was washed twice with 20 ml SCS and 
once with 20 ml STC (10 mM Tris-HCl, pH 7.5, 100 mM CaCl2, 1 M Sorbitol, the solution 
was filter-sterilized), by resuspending the pellet and centrifugation at 2300 rpm for 25 min. 
for each washing step. Washed protoplasts were resuspended in 500 µl cold STC buffer 
and aliquoted into 70µl portions. Aliquots were stored at -80°C until further use.  
 
2.6.3 Protoplast transformation of S. reilianum 
Protoplast and transformation of S. reilianum were prepared as described in Schulz et al. 
1990 and Gillissen et al. 1992 with some modifications. Protoplasts of S. reilianum were 
used to transform S. reilianum with DNA constructs consisting of a 1 kb left and right 
flank. Flanks were homologous to the target region where the DNA should be integrated to. 
Between the left and right flank, the construct contained a reporter gene (i.e. antibiotic 
resistance cassette) and an insert (mutated version of native gene). Construction of DNA 
constructs was planned using the Clone Manager Professional Suite version 8 (Sci-ED 
Software). DNA constructs were produced using overlap extension PCR, Gibson assembly, 
In-Fusion ligation (Clontech) or restriction ligation. DNA constructs could be included into 
a vector. For transformation of S. reilianum protoplasts, 70 µl of frozen protoplasts were 
thawed on ice. Up to 5 µg of DNA construct and 1.5 µl heparin sodium sulfate [50mg/ml] 
was added to the thawed protoplast and incubated on ice for 10 min.. The suspension was 
mixed carefully with 500 µl ice cold 40% PEG/STC (15 ml STC, 10 g PEG4000) and 
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incubated on ice for 15 minutes. Protoplasts were then pipetted onto regeneration agar 
plates consisting of two phases. The upper 10 ml of the plate contained no antibiotic, 
whilst the lower 10 ml contained the double amount of the final concentration of the used 
antibiotic. Plates were incubated for 4-6 days at 28°C, or until single colonies are visible. 
Twenty four single colonies per construct were picked and singled out on PD or 
regeneration agar plates containing the appropriate antibiotic at 28°C until single colonies 
were visible (typically after 2-3 days). Genomic DNA of putative transformants was 
checked by PCR and southern blot for presence and localization of the DNA construct. 
 
2.7 Nucleic acids extraction, modification and cloning methods 
2.7.1 DNA concentration 
To concentrate DNA, it was mixed with 0.1 V of 3 M NaAc and 2 V of cold EtOH. The 
mixture was incubated for 1 h at -20°C and then centrifuged for 30 min. at 13000 rpm. The 
DNA pellet was washed with 70% EtOH and centrifuged for 10 min. at 13000 rpm. The 
EtOH was removed and the pellet resuspended in the desired volume of TE-RNase buffer. 
Concentration of the DNA solution was measured using the Nanovue. 
 
2.7.2 RNA extraction from maize 
RNA from maize or infected maize plants was isolated using peqGOLD Trifast (Peqlab 
Biotechnologie GmbH). RNA was isolated for later use in RNA sequencing or cDNA 
synthesis. To isolate RNA from maize material, I harvested the material and froze it 
immediately in liquid nitrogen after detachment from the plant. The frozen material was 
stored at –80°C until further use. All material used for RNA isolation was cleaned using 
RNase Away (Roth) and pre-chilled in liquid nitrogen before getting into contact with the 
samples. This was done for all steps before the peqGOLD Trifast was added. The frozen 
material was ground to a fine powder using steril mortar and pestles. The powder was 
stored in falcon tubes at -80°C.For each sample, 50-100 mg of ground powder was 
deposited into a 2 ml plastic tube and immediately resuspended in 1 ml peqGOLD Trifast 
until completely solubilized. If debris was clearly visible, the sample was discarded and the 
rest material was ground again. This was repeated until all samples were in solution in 
peqGOLD Trifast. Solutions were incubated for 15 min. at RT before 200 µl of chloroform 
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were added. The chloroform was mixed with the solution for 15 sec before further 
incubation at RT for 10 min.. After the incubation period, the RNA fraction was separated 
from the protein and DNA fraction by centrifugation for 15 min. at 13000rpm and RT. 
Tubes were carefully taken from the centrifuge in order to maintain intact separated phases. 
The upper aqueous phase was transferred into a 1.5 ml plastic tube that contained 500 µl 
isopropanol and was mixed by inverting the tubes. Tubes with the mixture were incubated 
on ice for 15 min. before being centrifuged for 10 min. at 13000 rpm and 4°C. At this point 
a RNA pellet should be visible, if this was not the case the sample was discarded and the 
procedure was repeated. The pellet was washed with 75% EtOH with DEPC H2O twice. 
Washing steps were carried out by centrifugation at 13000 rom for 10 min. and 4°C. The 
EtOH was discarded and the pellet was dried very shortly. The RNA was eluted in 80 µl 
DEPC H2O. To remove residual DNA from the sample we used the DNaseI (Thermo 
scientific) with a modified protocol. Reaction mixture was pipetted as given in the manual, 
but the reaction time was reduced to 5 min.. The reaction was stopped by addition of 50 
mM EDTA. To clean the RNA sample from DNaseI and DNaseI reaction buffer we used 
the NucleoSpin RNA Clean-up (Macherey-Nagel). Samples were eluted in the smalles 
possible volume. Concentration of RNA was tested using the nanovue and integrity by gel 
electrophoresis using 250 ng of RNA. Intact RNA shows at least two ribosomal RNA 
bands of which the upper band should be double as intense as the lower one. Additionally, 
intact RNA has ratios of 1.8-2 and 2 or higher for the spectrometry measurement ratios of 
260nm/280nm and 260nm/230nm, respectively. RNA of good quality was stored at -80°C. 
 
2.7.3 In-Fusion® HD Cloning (Clontech) 
Before the method of Gibson assembly was established in our lab we used In-Fusion® HD 
Cloning (Clontech) to ligate PCR products without the use of restriction sites. In-Fusion® 
HD Cloning (Clontech) was carried out as described in the In-Fusion® HD Cloning 
(Clontech) Kit User Manual. In short, PCR products that should be fused are amplified 
using primers with overhangs. Overhangs of the primers are 15 bp long. The 15 bp 
homologous sites are homologous to the terminal end of the PCR fragment that is used as a 
fusion partner. PCR fragments are mixed with the reaction mix and incubated for 15 min. 
at 50°C. The entire reaction mixture is used for transformation of competent E. coli cells. 
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2.7.4 Overlap extension PCR 
Overlap extension PCR was performed according to Heckman and Pease 2007. Overlap 
extension PCR was used to join PCR products and create linear long multi-part PCR 
fragments (i.e. Fragment A-B-C). Overlap extension PCR uses primers with 20 bp 
overhangs and the 5’ end. The overhang of the primer to amplify fragment “A” is 
homologous to the terminus of fragment “B”. Each fragment was amplified individually 
for 12 cycles. Fragments are mixed in a ratio of 1:1 or 1:2:1. The mixture was used for 
further amplification for 20 cycles.  
 
2.7.5 Plasmid extraction from tansfromed E. coli 
For plasmid extraction from transformed E. coli we used two methods. In case a 
concentration of the plasmid was not important we used the boiling lysis method 
(Sambrook and Russell, 2001) with some modifications, else plasmids were isolated using 
NucleoSpin Plasmid (Macherey-Nagel) according to the manual. For boiling lysis, 2-3 ml 
of LB medium supplemented with the appropriate antibiotics were inoculated with E. coli 
strains and grown in test tubes overnight in a rotating wheel at 37°C. The overnight culture 
was pelleted by centrifugation for 2 min. at 13.000 rpm. The supernatant was decanted and 
the pellet was stored at -20°C for 20 min.. After freezing, the pellet was resuspended in 
325 µl STET buffer (50 mM Tris-HCl, pH 8.0, 50 mM Na2-EDTA, 8% Sucrose, 5% 
Triton X-100) and 25 µl lysozyme [10µg/ml] solution. The cell suspension was heated to 
99°C for 1 min. and subsequently centrifuged for 15 min. at 13.000 rpm. The pellet of cell 
debris was removed using a sterile toothpick. To precipitate the plasmid DNA, 40 µl of 3 
M sodium acetate (pH 5.3) and 400 µl isopropanol were added. The tube was inverted 10 
times and incubated for 10 minutes. Following this incubation time, the DNA was pelleted 
by centrifugation for 10 min. at 13.000 rpm. The supernatant was removed and the pellet 
was washed twice with 500 µl of 70% ethanol. The ethanol was removed completely and 
the pellet was resuspended in 50 µl TE (563 mM Tris-HCl, 437 mM Tris-Base, pH 8.0) 
supplemented with 20 mg/ml RNase A. Plasmids were stored at 4°C for couple of weeks, 
or at -20°C for month to years. 
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2.7.6 Polymerase chain reaction 
The Polymerase chain reaction (PCR) is used to amplify a specific DNA fragment using 
two oligonucleotides and a heat resistant DNA polymerase. Amplified fragments are used 
for cloning or to check the presence of a specific fragment in the template DNA. When 
fragments were used for cloning later on we used the Phusion polymerase (Thermo 
Scientific) that has a proof reading ability. PCRs that were performed checking the 
presence of a specific DNA fragment in a template used the Taq DNA polymerase 
(Thermo Scientific). PCR reactions for the different DNA polymerases were set up as 
described below: 
PCR reagents Phusion Polymerase Taq polymerase 
DNA template 
10 ng for Plasmids, ca. 
100 ng for gDNA 
10 ng for Plasmids, ca. 
100 ng for gDNA 
PCR Buffer 10 µl [5x] 2.5 µl [10x] 
dNTPs 0.4 µl [25 mM] 0.2 µl [25 mM] 
For Primer 1 µl 0.5 µl 
Rev Primer 1 µl 0.5 µl 
Polymerase 0.25 U 1.25 U 
DMSO 0-3% 0.75 µl 
Water Fill to 50 µl Fill to 25 µl 
Total 50 µl 25 µl 
The PCR reactions were pipetted together and mixed by flicking against the tube. The tube 
was centrifuged for a short time and put into the PCR cycler (Biometra, Göttingen). For the 
different DNA polymerases, cycling conditions were used as described below: 
PCR Step Phusion Taq polymerase 
1. Initial denaturation 98°C for 30 sec 94°C /2 min 
2. Denaturation 98°C for 15 sec 94°C for 20 sec 
3. Annealing 60-68°C for 30 sec 60-63°C for 20 sec 
4. Extension 72°C for 15-30 (sec/kb) 72°C for 1 (min/kb) 
Number of cycles (2 -4) 35 35 
Final extension 72°C for 10 min 72°C for 10 min 
Storage 4°C indefinite 4°C indefinite 
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PCR products were checked on a 0.8-2% TAE agarose gel by mixing 10% of the final PCR 
volume with the appropriate amount of 6 x loading dye. Gels were run at 100-130 V for 
15-30 minutes depending on the size of the expected fragments. 
 
2.7.7 Gel electrophoresis of nucleic acids 
Gel electrophoresis was used to analyse PCR amplified DNA fragments, digested plasmids 
or any other DNA or RNA fragment for correct size or integrity. For analysis of DNA I 
used 0.8-2% TAE agarose gels. For Analysis of RNA I used 1% TBE agarose gels. 
Agarose of gel electrophresis grade was solved in 1 x TAE (40 mM Tris-Acetat, 1 mM 
Na2-EDTA) or TBE (50 mM Tris-Borat, pH 7.9, 1 mM Na2-EDTA) by heating in a 
microwave. The prepared solution was stored at 60°C until use. Before use, 0.05 µl/ml 
Rothi stain (Roth) was added and mixed by gently inverting the tubes. The gel was poured 
into a plastic tray mounted in a gel caster, a comb was added and the gel was solidified at 
room temperature. After solidification, the gel was placed in electrophoresis tank filled 
with the same buffer as the gel (1 x TAE or TBE). DNA or RNA samples were mixed with 
loading buffer and loaded in the wells along with 5 μl 1 kb  DNA ladder (Fermentas). The 
samples were separated with 70-150 V for 0.25 -4 h. 
 
2.7.8 Genomic DNA Extraction from S. reilianum 
Genomic DNA from S. reilianum was extracted using a modified version of Hoffman and 
Winston from 1987. A 2 ml culture of YEPSL liquid medium was inoculated with a single 
colony of S. reilianum. The culture was grown for 2 days at 28°C in a rotating wheel. Cells 
were checked for dense growth and decanted into a 2 ml tube containing 200 µl glass 
beads. Centrifugation at 13.000 rpm for 5 min. produced a cell pellet and the supernatant 
was decanted. The pellet was frozen at -20°C for at least 20 min.. Afterwards, 600 µl 
phenol-chloroform (0.5 Vol phenol, 0.5 Vol chloroform, equalibrate with TE) (1:1) at 
room temperature were added followed by 500 µl ustilago lysis buffer (50 mM Tris-HCl, 
pH 7.5, 50 mM Na2-EDTA, 1% SDS). The mixture was mixed using the vibrax shaker at 
2500 to 3000 rpm for 15 minutes. After centrifugation at 13.000 rpm for 25 min. at room 
temperature, three phases were visible: An upper aqueous phase containing the DNA , a 
whitish interphase containing denatured proteins and a lower phenol phase containing cell 
debris and RNA. The upper phase was transferred into a 1.5 ml tube containing 900µl 
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isopropanol. The DNA was precipitated by centrifugation at 13.000 rpm for 30 min.. 
Isopropanol was removed and the pellet was washed twice with 500 µl 70% EtOH. Before 
the pellet was resuspended, the EtOH was completely removed. To resuspend the DNA 
pellet, it was mixed with 50 µl TE with RNase A [20 mg/ml]. The DNA was stored at 4°C 
for days to weeks and at -20°C for month to years. 
 
2.7.9 DNA digestion 
Restriction enzymes were used to cut DNA (NEB, Frankfurt). The integrity of plasmids 
was checked by restriction plasmids for 1-2 h. To produce DNA fragments for cloning 
purposes, the DNA was digested overnight. Genomic DNA was always cut over night. 
Digestion was carried out at temperatures specific for the used restriction enzyme. The 
digest was checked using TAE agarose gel electrophoresis. Reactions mixtures were 
pipetted like described below: 
0.5-2 µg     DNA 
(1/10) of total reaction volume µl  10 x reaction buffer 
0.5-2 U     Restriction enzyme 
Fill to total 2 x volume of used DNA Water 
 
2.7.10 DNA ligation using T4 DNA ligase 
DNA ligation using T4 ligases (Roche, Mannheim) was used for cloning with digested 
DNA. Before ligation, the fragments were digested overnight, cut from a TAE agarose gel 
and cleaned using the NucleoSpin Gel and PCR Clean-up (Macherey-Nagel) kit. This was 
done to prevent contamination of original circular plasmid DNA. DNA fragments were 
mixed in molar ratios of 1:1 to 1:10 (vector:insert), depending on the size of the vector or 
insert. A typical ligation reaction consisted of: 
50-500 ng   Digested insert plus vector 
3 μl    10x T4 DNA Ligase buffer (Roche) 
1 U    T4 DNA Ligase (Roche) 
Add to 30 μl   Water 
The ligation reaction was incubated at 16°C overnight. 
 
Materials 
55 
 
2.7.11 Ligation of DNA fragments by Gibson assembly 
Gibson assembly was used for plasmid construction with PCR fragments without using 
restriction ligation. The method was adapted from Gibson et al. 2009. To build a plasmid, 
PCR fragments are amplified using primers that produce 40 bp terminal sequence overlaps 
homologous to the neighboring fragment. A T5 exonuclease removes nucleotides from the 
5’ end of the DNA double strand leading to single strand end of the PCR product. The 
single stranded DNA strands can anneal to their homologous sites and thus fusion of PCR 
fragments is achieved. A phusion polymerase fills up gaps and nicks are finally sealed by a 
Taq DNA ligase. All steps involving the T5 exonuclease, phusion polymerase and the Taq 
DNA ligase are performed in a single reaction mix at 50°C for 50 minutes. The assembly 
mixture was prepared as described in Gibson et al. 2009 (One step mixture). DNA 
fragments that should be fused together were mixed in a fragment mixture. The amount of 
fragment was calculated with the formula  
Insert [ng] = Vektor [ng] * (Insert [bp]/Vektor[bp])*ratio 
The vector amount was 75 ng and the ratio was set to 2 for inserts with more than 200 bp 
and 5 for inserts with less than 200 bp. 
5 µl fragment mixture was mixed with 15 µl assembly master mix and incubated at 50°C 
for 50minutes. After this incubation period the entire reaction was used to transform 
chemically competent E. coli cells. 
 
2.7.12 DNA probe labeling 
DNA probes used for Southern blot hybridization were labeled using the DIG-HIGH prime 
kit (Roche). The desired DNA fragment was amplified by PCR and 300 ng in 16 µl of the 
PCR product were denatured at 95°C for 5 min. followed by cooling for 1 min. in ice cold 
H2O supplemented with NaCl and mixing with 4 μl DIG-HIGH Prime labeling mix 
(Roche). The mixture was incubated at 37°C for 20 h. The labeling reaction was stopped 
by adding 1 μl 0.5 M EDTA (182.1 g/l Na2-EDTA, pH 8.0) and incubating for 10 min. at 
65°C. The DNA probe was mixed with 20-50 ml Southern hybridization buffer (0.5 M Na-
Phosphate buffer, pH 7.0, 7% SDS) and boiled for 5 min. at 95°C before use. The DNA 
probe was stored at –20°C and reused up to 5 times before being discarded. 
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2.7.13 Southern blot 
To check the correct insertion of DNA constructs into genomic DNA by heterologous 
recombination, I performed a southern blot according to Southern, 1975. The original 
protocol was slightly modified. Genomic DNA of the transformed strains was isolated and 
2.5-5 µg of genomic DNA was digested with a restriction enzyme. This produced a 
significantly different pattern between transformed and wild type individuals. The digested 
DNA was separated on a 0.8% TAE agarose gel at low voltage (45-70 V) for several hours. 
Time was set in order to properly separate the restricted fragments without losing them. 
After electrophoresis, the gel was photographed with a fluorescent ruler using the Gel doc 
(Biorad) to mark the ladder. To depurinate the DNA, the gel was incubated in 0.25 M HCl 
for up to 15 min. while shaking. Further, the DNA was denatured by incubating it in 0.4 M 
NaOH for 15 min. while shaking. Transfer of the DNA to a positively charged nylon 
membrane (Roche) was performed either by capillary blotting (at University of Göttingen) 
or vacuum blotting (at University of Aachen). DNA was crosslinked to the membrane by 
baking at 80°C. The following steps were performed in an incubation oven with a rotator. 
The membrane was pre-hybridized in 20 ml southern hybridization buffer (0.5 M Na-
Phosphate buffer, pH 7.0 [142 g/l Na2HPO4 {solution 1}, 138 g/l NaH2PO4x H2O 
{solution 2}, add solution 2 until pH 7.0], 7% SDS) and incubated at 65°C for 1 h. The 
pre-hybridization buffer was discarded and the labelled DNA probe was added for 
overnight incubation at 65°C. On the following day, the DNA probe was recovered and the 
membrane was washed twice with southern wash buffer (0.1 M Na-Phosphate buffer, pH 
7.0, 1% SDS). Washing steps were carried out at 65°C for 20 min. in the hybridization 
oven. After the washing steps, the hybridization oven was set to 20°C for the following 
steps. The membrane was washed with DIG wash buffer (97.7% DIGI buffer [0.1 M 
Maleic Acid, 0.15 M NaCl , pH 7.5 With ~40ml/l NaOH (5 M)], 0.3% Tween-20) for 5 
min. and then blocked for for 30 min. with DIGII buffer (90% DIGI buffer, 10% Blocking 
reagent). The -DIG-Antibody- solution (1:10.000 in DIGII buffer) was applied to the 
membrane and then incubated for 30 min. before washing twice for 15 min. with DIG 
wash buffer. Equilibration of the membrane was achieved by 5 min. incubation in DIGIII 
buffer (0.1 M Tris-HCl pH 9.5, 0.1 M NaCl, 0.05 M MgCl2x6 H2O). Afterwards the 
membrane was incubated in 5 ml CDPStar solution (1:200 in DIGIII) for 5 min., before 
sealing the membrane in a plastic bag. The reaction was incubated for 15 min. at 37°C and 
pictures were taken in the Chemidoc (Biorad). 
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2.8 Protein Methods 
2.8.1 Western blot 
Western blot was performed to transfer protein to a negatively charged 0.2 µm 
nitrocellulose membrane with subsequent immune-detection. The membrane was cut and 
pre-wetted in H2O for 20 sec. All parts of the blot, membrane, gel, fiber pads and filter 
paper were equilibrated in cold transfer buffer (100 mL of 10x TBS [24 g Tris-HCl, 5.6 g 
Tris base, 88 g NaCl, dissolve in 900 mL distilled water], 900 mL distilled water, 1 mL 
Tween 20, 0.1% SDS). The transfer sandwich was assembled and the proteins were 
transferred at 70 V for 1.5 h, keeping the tank cooled using a cooling unit and a stir bar. 
The blot was disassembled and and the membrane was stained with ponceau. For immune 
detection the membrane was blocked in TBS-T (100 mL of 10x TBS, 900 mL distilled 
water, 1 mL Tween 20) with 5% non-fat dried milk 1 h at RT or overnight at 4°C. The 
membrane was washed twice by rinsing with TBS-T and incubation in TBS-T for 10 min.. 
The primary antibody was diluted (in case of -GFP 1:1000) in TBS-T + 2.5% milk 
powder and incubated overnight at 4°C while gently shaking. The membrane was washed 
twice with TBS-T for 20 min.. The secondary antibody was diluted in TBS-T and added to 
the membrane. The secondary antibody was incubated for 1 h at RT. The membrane was 
washed three times in TBS-T for 10 min.. For signal detection we used the Amersham™ 
ECL™ Prime Western Blotting Detection Reagent, as described in the manual. 
 
2.8.2 Discontinuous denaturing SDS polyacrylamide gel electrophoresis 
A denaturing SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate 
proteins. The gel consists of two parts, the lower 15% resolving gel and the upper 5% 
stacking gel. Both gels were prepared at the same time in different tubes, but without 
TEMED and without 10% ammonium persulfate. The Mini-PROREAN® 3 system (BioRad) 
was cleaned and assembled as well as tested for leaks using H2O. Shortly before casting 
the gel, TEMED and 10% ammonium persulfate were added to the 15% resolving gel (2.3 
ml H2O, 2.5 ml 1.5 M Tris-HCl, pH 8.8, 100 μl 10% SDS, 5 ml 30% Rotiphorese® Gel 30 
[37.5:1], 4 μl TEMED, 100 μl 10% Ammonium persulfate). The resolving gel tube was 
inverted gently to avoid the production of air bubbles and the gel was poured between the 
glass slides. To obtain an even surface, the gel was sealed with isopropanol. After 30 min. 
or when the rest of the resolving gel in the tube was solidified, the isopropanol layer was 
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removed and the 5% stacking gel (3.4 ml H2O, 0.63 ml 0.5 M Tris-HCl, pH 6.8, 50 μl 10% 
SDS, 0.83 ml 30% Rotiphorese® Gel 30 [37.5:1], 5 μl TEMED, 50 μl 10% Ammonium 
persulfate) was poured on top of the resolving gel after addition of TEMED and 10% 
ammonium persulfate. After addition of the 5% stacking gel, the comb was inserted 
between the glass slides. The gel was left for polymerization for 30 min. or until the 
leftover in the tube solidified. The SDS gel was placed in the electrophoresis tank and the 
indicated amount of running buffer (30.28 g/l Tris, 144.13 g/l Glycine, 10 g/l SDS) was 
added between the SDS gels before the comb was removed. Pockets were cleaned of gel 
rest using a pipette. Protein samples were denatured by boiling at 98°C for 10 min. before 
filling into the pockets of the SDS gel. The gel was run for 130 V until the ladder resolved 
well and the lowest marker is close to the end of the gel. 
 
2.8.3 Total protein isolation from E. coli 
The total protein of E. coli was isolated to check for the presence of a big band that would 
indicate everexpression using SDS-PAGE. E. coli cells were grown as described in 
“Overexpression of proteins using E. coli cells”. The 500 µl sample was spun down at 
8000 rpm for 10 min.. The supernatant was discarded and the cell pellet was resuspended 
in 40 µl H2O, 10 µl of 5 x SDS loading buffer (0.25% Bromophenol blue  
0.5 M DTT, 50% Glycerol, 10% SDS, 0.25 M Tris-HCl , pH 6.8) were added and the 
sample was boiled for 10 min.. After boiling, the sample can be stored at -20°C for 
indefinite time or it can be used for SDS-PAGE. Sample stored at -20°C have to be boiled 
prior to use. 
 
2.8.4 Isolation of HIS-tagged proteins 
A HIS-tagged protein expressed in BL21 (DE3) can be isolated from the total protein by 
using lysozyme treatment and sonification to lyse the cells and subsequent gravity flow 
purification over Ni-NTA resin filled column. A column packed with Ni-NTA sepharose 
with a capacity of binding protein 50 mg per ml sepharose was prepared beforehand. All 
solutions to prepare the column were degassed by applying a vacuum for about 30 min.. 
Degassing is essential for successful gravity flow purification. All following steps were 
done by pipetting slowly to not produce any air bubbles. The empty column was 
equilibrated with the used buffer. Half the buffer was released from the column and the 
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bottom of the column was checked for air bubbles. If air bubbles could not be removed, the 
column was emptied and filled again with buffer. Ni-NTA resin was mixed by gently 
shaking and filled into the column to the desired height using a funnel. The column was 
opened before the slurry was added. The resin settled at the bottom of the column assisted 
by the flow of liquid through the column. The resin should not be allowed to run dry. The 
resin was washed with 1 column volume (CV) using deionized H2O and packed columns 
were stored for 1 week in used buffer at 4°C.  
The pellet produced in “overexpression of proteins in E. coli” was thawed on ice for 15 
minutes and afterwards resuspended in Ni-NTA lysis buffer (50 mM NaH2PO4, 300 mM 
NaCl, 10 mM imidazole, adjust pH to 8.0) using 5 ml per gram pellet and 1 mg/ml 
lysozyme was added and incubated on ice for 30 min.. Cells were sonicated on ice with six 
10 second bursts at 250 W and a 10 sec cooling period in between bursts. The cell debris 
was removed from the soluble protein by centrifugation at 13000 rpm for 30 min. at 4°C. If 
the supernatant was still not clear it was centrifuged further at 40000 rpm for 40 min. at 
4°C using the L-60 (Beckman Coulter) ultracentrifuge in polycarbonate centrifugation 
bottles 26.3 ml (Beckman Coulter) in the 70Ti rotor (Sorval). A 40 µl sample was taken 
from the supernatant and the pellet and 10 µl 5 x SDS loading buffer (0.25% Bromophenol 
blue, 0.5 M DTT, 50% Glycerol, 10% SDS, 0.25 M Tris-HCl) was added to each sample. 
Samples were stored at -20°C. The cleared supernatant was directly used for gravity flow 
purification. The Ni-NTA column was equilibrated with 2 CV Ni-NTA lysis buffer. The 
Supernatant was transferred to the column and the cell extract was allowed to completely 
enter the resin. The column was washed 4 times with 2 CV of Ni-NTA wash buffer (50 
mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, adjust pH to 8.0). Samples of each 
washing steps were stored in SDS-loading buffer. The protein was eluted 6 times with 0.5 
CV of Ni-NTA elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, 
adjust pH to 8.0). All elutions were stored at 4°C and 20 µl samples were taken for SDS-
PAGE analysis. 
 
2.8.5 Coomassie staining and destaining 
SDS gels are stained with coomassie solution and subsequently destained to visualize 
proteins. The SDS-PAGE gel was removed from the glass slide and put into a fitting 
plastic container with a height of about 2-3 cm. The gel was cleaned by rinsing with water 
before coomassie stain (1 g Coomassie R250, 100 ml glacial acetic acid, 400 ml methanol, 
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500 ml ddH2O) was added to a height of around 1 cm. The plastic container was closed 
with a lid and the gel was heated in a microwave for around 40 seconds. The gel should not 
melt. After incubation for 10 min. on a moving table the coomassie stain was discarded. 
The gel was rinsed with water before the destain solution (200 ml methanol, 100 ml glacial 
acetic acid, 700 ml ddH2O) was applied to a height around 1 cm. The gel was heated by 
microwaving until the destain solution boiled and subsequently incubated on a moving 
table for 10 minutes. Either this was repeated until the gel was completely destained or the 
gel was incubated overnight on a moving table. The destained gel was put into a plastic 
bag and scanned. 
 
2.8.6 Poncaeu staining  
To detect protein directly on a membrane, proteins were stained ponceau stain (0.1% (w/v) 
Ponceau S in 1% (v/v) acetic acid). The membrane was incubated for 5 min. in ponceau 
staining solution. The stain solution was discarded and the membrane was rinsed with a 
thin film of H2O. Bands were detected, by slightly shaking the membrane covered in H2O 
until bands were clearly visible. H2O was discarded and a picture was taken. The rest of the 
stain was removed by addition of H2O. 
 
2.8.7 Protein isolation from plant material 
Harvested plant samples were immediately frozen in liquid nitrogen and stored at -80°C 
until futher processed. Frozen samples were ground using mortar and pestle. Mortar and 
pestle were cooled by the application of liquid nitrogen in regular intervals. Protein 
extraction buffer was chilled on ice. Per gram of ground tissue, 2 ml extraction buffer  (100 
mM Tris -HCl pH 8, 100 mM NaCl, 5 mM EDTA adjust to pH 8, 5 mM EGTA adjust to 
pH 8, 20 mM DTT, 1× protease inhibitor mix (Roche), 0.5% Triton X-100, prepare fresh 
before use) were applied. Ground issue was mixed with the buffer and 1 ml of protein 
solution was transferred into a pre chilled 1.5 ml eppendorf tube. The cell debris was 
removed from the protein solution by centrifugation for 15 min. at 4°C and 13000 rpm. 
The supernatant was transferred into a pre chilled 1.5 ml eppendorf tube. The tube was 
flash frozen in liquid nitrogen until further use. Protein extracts can be used for SDS-
PAGE. If the concentration of protein is not sufficient, the procedure should be repeated 
with smaller quantities of protein extraction buffer. If samples are immediately used for 
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SDS-PAGE the ground material can be resuspended directly in 40 µl H2O + 10 µl 5 x SDS 
loading buffer (0.25% Bromophenol blue, 0.5 M DTT, 50% Glycerol, 10% SDS, 0.25 M 
Tris-HCl, pH 6.8). 
 
2.9 E. coli methods 
2.9.1 Cultivation of E. coli 
E. coli strains were grown on LB agar supplemented with the appropriate antibiotics at 
37°C overnight. Strains were grown in liquid LB medium supplemented with the 
appropriate antibiotics in baffled flasks (Duran) at 37°C or 30°C at 230 rpm or in test tubes 
at 37°C in a 70° rotating test tube wheel. E. coli strains were stored at -80°C in LB medium 
with 10% glycerol. 
 
2.9.2 Preparation of Rubidium chloride competent E. coli  
E. coli cells were made chemically-competent using the method described in Cohen et al. 
1972 with minor modifications. Competence is a prerequisite for later transformation. A 
10ml LB supplemented with 0.5 mM CaSO4 and 0.5 mM MGSO4 preculture was 
inoculated with a single E. coli colony. The preculture was grown overnight at 37°C and 
200 rpm constant agitation. A main culture of 100 ml LB was inoculated with 1 ml of the 
preculture and grown overnight at 37°C and 200 rpm to an OD600nm of 0.5-0.6. The culture 
was pelleted by centrifugation at 300 rpm for 15 min. at 4°C. The supernatant was 
discarded and the cell pellet was resuspended in 33 ml ice cold RFI solution (100 mM 
RbCl, 50 mM MnCl2 x 4 H2O, 30 mM potassium acetate, 10 mM CaCl2 x 2 H2O, 15% 
Glycerin in dd H2O, pH 5.8, the solution was filter-sterilized). The suspension was 
incubated for 60 min. on ice. Cells were pelleted at 3000 rpm for 15 min. at 4°C. The 
supernatant was discarded and the cell pellet was resuspended in 330 µl ice cold RFII 
solution (10 mM RbCl, 10 mM MOPS, 75 mM CaCl2 x 2 H2O, 15% Glycerin in dd H2O, 
pH 5.8, the solution was filter-sterilized). The suspension was incubated for 15 min. on ice. 
The cell suspension was aliquoted in 30 µl portions. Aliquots were stored at -80°C. 
Competent cells were 6 x concentrated. 
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2.9.3 Transformation of chemically competent E. coli 
E. coli cells were transformed using the method described in Cohen et al. 1972 with minor 
modifications. Cells were transformed to clone plasmids or to overexpress proteins. To 
transform chemically competent E. coli cells, competent cells were thawed on ice. The 
thawed cells were resuspended in 270 µl ice cold RFII solution (10 mM RbCl, 10 mM 
MOPS, 75 mM CaCl2 x 2 H2O, 15% Glycerin in dd H2O, pH 5.8, the solution was filter-
sterilized) and 50 µl of the suspension were used for one transformation. Subsequently, 2-5 
µl of ligation mixture of 1-10 ng plasmid DNA were added to the cell suspension on ice 
and the mixture was incubated for 20 min. on ice. Plasmids were introduced into the cells 
by heat shock. The heat shock was carried out by incubation for 45 sec at 42°C and 
subsequent cooling on ice. Cells were recovered by addition of 250 µl LB medium and 
incubation for 1h at 37°C with slight agitation. Transformants were selected on LB plates 
supplemented with appropriate antibiotics and growth at 37°C overnight. 
 
2.9.4 Overexpression of proteins using E. coli cells 
Protein overexpression was done in E. coli to produce high amounts of the desired protein. 
The E. coli strain BL21 (DE3) was made competent using Rubidium chloride. Competent 
cells were transformed with the plasmid pDEST17+insert. Transformed cells were selected 
on LB agar medium supplemtened with 100 µg/ml carbenicillin. Transformants from the 
selection plate were used to inoculate a 100 ml LB preculture supplemented with 100 
µg/ml carbenicillin. The preculture was grown at 37°C overnight while skaking at 200 rpm. 
The next morning, the preculture was washed and resuspended in fresh medium with 100 
µg/ml carbenicillin. A main culture of 1 L LB medium + 100 µg/ml carbenicillin and 
1.25% lactose was inoculated with the washed 100 ml preculture and grown at 30/37°C for 
16 h while shaking at 200 rpm. After 16 h 500 µl were taken as a sample, the rest of the 
culture was pelleted by centrifugation at 7000 rpm for 10 min.. Cell pellets were frozen in 
liquid nitrogen and stored at -80°C until protein isolation. The 500 µl sample was used for 
total protein isolation and analysis by SDS-PAGE and comassie blue staining.  
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2.10 Agrobacterium tumefaciens methods 
2.10.1 Cultivation of A. tumefaciens 
A. tumefaciens strains were grown on LB agar supplemented with the appropriate 
antibiotics at 30°C overnight. Strains were grown in liquid LB supplemented with the 
appropriate antibiotics in baffled flasks (Duran) at 30°C and 230 rpm or in test tubes at 
30°C and 230 rpm. A. tumefaciens strains were stored at -80°C in LB medium with 25% 
glycerol. 
 
2.10.2 Transformation of electro competent Agrobacterium tumefaciens 
Electro competent A. tumefaciens cells were transformed by electroporation to introduce 
plasmids that contained DNA constructs for transformation of A. thaliana. One aliquot of 
40 µl electro competent A. tumefaciens cells was thawed on ice. Plasmid DNA of a 
 concentration below 100 ng was added to the thawed cells and mixed. The DNA-cell 
mixture was transferred into an ice cold 0.2 cm electroporation cuvette. Cells were brought 
to the bottom of the cuvette by tapping the cuvette on the ground a few times. Afterwards, 
cells were placed back on ice and brought to the Gene Pulser Xcell™ Electroporation 
Systems (Biorad). Cells were pulsed with 2.5kV as the default A. tumefaciens settings. 
After pulsing, 1 ml LB liquid medium was added directly to the cuvette and cells were 
resuspended and transferred to a plastic tube. The plastic tube containing the cells was 
incubated for 3 hours at 28°C while shaking. After incubation, 10 µl and the rest were 
plated on separate LB agar plates supplemented with the appropriate antibiotics. 
 
2.10.3 Production of electro competent Agrobacterium tumefaciens cells 
A. tumefaciens cell were made electro competent for transformation by electroporation as 
described above. A 4 ml LB liquid medium preculture with appropriate antibiotics was 
inoculated with a single colony of freshly grown A. tumefaciens. The preculture was grown 
at 28°C and 230 rpm overnight. The 250 ml LB liquid medium main culture with 
appropriate antibiotics was inoculated with 300 µl of the preculture and incubated 
overnight at 28°C and 230 rpm. The final OD600nm of the main culture was 0.5-1. The main 
culture was transferred to 6 x 50 ml falcon tubes and cooled on ice for 30 min.. Cells were 
pelleted by centrifugation at 4000 rpm for 10 min. at 4°C. Cells were washed 4 times with 
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50 ml sterile H2O, 25 ml sterile H2O, 10 ml sterile H2O with 10% glycerol and again 10 ml 
sterile H2O with 10% glycerol, respectively. Washing steps were carried out by subsequent 
centrifugation at 4000 rpm for 10 min. at 4°C for each washing step. The entire amount of 
cells was resuspended in 1.5 ml sterile H2O with 10% glycerol. Cell suspension was 
aliquoted to 40 µl portions and competent cells were stored at -80°C. 
 
2.11 Cell culture 
2.11.1 Determination of cell culture density 
The density of cell cultures was determined using photospectrometry. The Photometer was 
pre-warmed for 15 min. before use at a wavelength of 600nm. Cell cultures with an 
OD600nm > 1.5 were repeated with a diluted sample.  
 
2.12 Fluorescence microscopy 
2.12.1 Dapi staining 
DAPI (4'.6-diamidino-2-phenylindole) staining was used to stain nuclei in plant tissue. 
Fresh tissue was stained by vacuum infiltrating with 1µg/ml DAPI + 1% PBS buffer + 1% 
TritonX-100 for 20 min.. The infiltrated sample was washed three times with PBS buffer 
before being analysed by fluorescence microscopy. 
 
2.12.2 Plant tissue imaging 
Plant tissue was either collected freshly or fixated when necessary. The sample tissue was 
cut into thin and small pieces by hand before microscopy. Thin sections were mounted in 
water on an objective slide and covered with a #1 (22 x 22 mm) coverslip (Roth). Mounted 
samples were analysed using the AF 6000LX Fluorescence microscope (Leica) with the 
camera DFC365FX-634233612 and 10 x objective (HC PL FLUOTAR 10x/0.30 DRY) or 
40 x objective (HCX PL APO 40x/1.10 WATER) and the LAS AF v4.0 software (Leica). 
eGFP fluorescence was detected using the filter Fluogreen (peak excitation 499 nm; peak 
emission 520 nm) . Fluorescence of mCHERRY was detected using the filter TxRed (peak 
excitation 595 nm; peak emission 613 nm). DAPI fluorescence was detected using the blue 
filter cube (peak excitation 375 nm; peak emission 475 nm). Non fluorescent pictures were 
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taken using either brightfield or DIC. Maximum intensity and minimum intensity of 
pictures were adjusted to make the information of the picture easily accessible. If two or 
more pictures were compared to each other they were changed in the exact same manner. 
Z-stacks were taken using the HCX PL APO 40x/1.10 water objective. To reduce 
spreading of the signal z-stack pictures were edited using the deconvolution tool of the 
LAS AF v4.0 software (Leica, Germany). Deconvolution for samples mounted in water 
and pictures taken with the HCX PL APO 40x/1.10 WATER objective, was used with 10 
iterations a refractive index of 1.33 and the “blind” mode where the point-spread-function 
is calculated automatically. 
 
2.13 RNA Sequencing and analysis 
2.13.1 Transcriptome sequencing 
To analyse gene expression of infected maize plants we performed RNA sequencing. The 
TruSeq RNA Sample Preparation Kit (Illumina, catalog ID RS-122-2002) was used to 
prepare the RNA-Seq library. The library was created from 500 ng of total RNA. 
Quantitation of cDNA libraries was performed by using the QuantiFluor™dsDNA System 
(Promega). Final cDNA libraries had a size of 280 bp, this was determined by applying the 
DNA 1000chip on the bioanalyser 2100 from Agilent (280 bp). cDNA libraries were 
amplified and sequenced by using the cBot and HiSeq 2000 from Illumina (SR, 1 × 51 bp, 
60 million reads per sample, TAL Göttingen). 
Bcl files were created from sequence images with the Illumina software BaseCaller. These 
files were demultiplexed to fastq files with CASAVA (version 1.8.2). Quality check was 
done via FastQC (version 0.11.4, Babraham Bioinformatics). 
 
2.13.2 Read mapping  
Fastq files produced by transcriptome sequencing were used to map reads to a reference 
genome. We used the B73 maize Refgen V3 and the published S. reilianum genome as 
reference genomes (http://www.maizegdb.org/assembly, Schirawski et al. 2010). To map 
reads we used the CLC genomics workbench V7 (Qiagen). Mapping was performed using 
the default parameters of the software. 
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2.13.3 Detection of differentially expressed genes and gene set enrichment 
analysis 
By mapping reads to our reference genomes we received total read counts per gene. These 
read counts were used as input data for differential gene expression analysis with R using 
the edgeR package (Robinson et al. 2010). EdgeR produces Log2FC and FDR score for 
genes. Genes with an Log2FC < -1 or > 1 and an FDR score < 0.05 were selected as being 
differentially expressed inbetween our two conditions. Genes were annotated using excel 
and the following databases: Maizegdb.org (gene names); Gramene.org (annotations) 
which uses RefSeq DNA, RefSeq Peptide, Swiss-Prot, TrEMBL; AgriGO; Mapman. Using 
the AgriGo website (http://bioinfo.cau.edu.cn/agriGO/) and the singular enrichment 
analysis tool (SEA) deregulated genes were checked for enriched GO terms. Enrichment of 
Mapman annotations were manually checked using excel. Overrepresented and interesting 
Mapman categories were checked for significant enrichment using the fisher exact test and 
Pearson's chi-squared test (http://www.quantitativeskills.com/sisa/statistics/fisher). 
  
Results 
67 
 
3 Results 
3.1 SAD1 in maize 
Infection of S. reilianum triggers multiple phenotypes on maize plants (Ghareeb et al. 2011; 
Ghareeb 2011). One of these phenotypes is induced by the effector protein SAD1. SAD1 
suppresses apical dominance and thus increases the number of ears per plant (Ghareeb et al. 
2015). However, little is known about possible other phenotypes induced by SAD1. SAD1 
is transcribed in all infected parts of the plant (Ghareeb et al. 2015) and thus could also act 
in other parts of the plants than the ear. To indentify changes induced by SAD1, 7 day old 
Gaspe Flint seedlings were infected with wild type S. reilianum 5-1 x 5-2 (WT) or 
S. reilianum strains lacking SAD1 HG95 x HG99 (SAD1) or inoculated with water 
(Mock). We infected/inoculated 10 plants per time point. Measurements were undertaken 
at weeks 2, 3, 4, 5, 6, 7 and 8 after infection, by completely dissecting the treated plants. 
 
3.1.1 SAD1 does not induce changes in leaf size or number of infected 
maize plants 
Young maize seedlings were infected by inoculation of the leaf whorl, thus the youngest 
leaves were the first parts of the plant that got into contact with the fungus. Treated plants 
were analysed by counting the numbers of leaves, measuring the length of the leaf blade of 
the biggest leaf, measuring and summing up the length of all leaf blades as well as 
measuring the width of the biggest leaf.  
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Fig.4: The leaf architecture of plants inoculated with water or infected with 
S. reilianum  strains WT or SAD1. (A)  Number of leaves of maize plants inoculated with 
water or infected with S. reilianum  strains WT or SAD1. None of the plants differed 
significantly from each other. (B) Length of the longest leaf blade per plant either 
inoculated with water or infected with S. reilianum  strains WT or SAD1. None of the 
plants differed significantly from each other. (C)  Summed up length of all leaves of plants 
inoculated with water or infected with S. reilianum  strains WT or SAD1. None of the 
plants differed significantly from each other. (D)  Maximum leaf blade width of plants 
inoculated with water or infected with S. reilianum  strains WT or SAD1. None of the 
plants differed significantly from each other. (E)  Picture of a Gaspe Flint plant with fresh 
leaves (arrows) and dried out leaves that are about to fall of the plant (arrowheads). Only 
leaves attached to the plant were subjected to measurements. The leaf  blade was measured 
as indicated with the red dashed line. Values are means from 8 -10 plants per construct. 
Error bars indicate the SEM. Means of SAD1 and water inoculated plants were tested for 
significant difference to WT infected plants by ANOVA and Tukey test with p -value < 0.05. 
Timepoints at which WT shows significant differences to SAD1 and water inoculated 
plants, whilest SAD1 and water inoculated plants do not show differences were marked 
with green areas.  These timepoints were defined as showing SAD1 specific effects.  
 
Measurements of leaves revealed no significant differences of SAD1 and water 
infected/inoculated plants to WT infected plants. This indicates that SAD1 even though it 
is present in leaves does not induce changes in this part of the plant. 
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3.1.2 Infection of maize seedlings leads to stunted growth compared to 
uninfected plants 
After S. reilianum penetrates the leaf surface and starts to branch, it grows towards the 
vascular bundles (Poloni & Schirawski 2015). Hyphae grow towards the stem and enter the 
nodes (Poloni & Schirawski 2015). SAD1 transcripts are present in infected maize stems 
(Ghareeb et al. 2015). To identify possible changes induced by SAD1, the plant height and 
number of nodes produced by plants infected with WT or SAD1 S. reilianum strains or 
inoculated with water (Mock) was measured. 
 
 
Fig.5: Maize plants inoculated with water produced higher stems than maize plants 
inoculated with S. reilianum  strains WT or SAD1.  (A)  Measurement of plant height of 
maize plants inoculated with water or infected with S. reilianum  strains WT or SAD1. 
Three weeks post infection plants inoculated with water differed significantly in height 
from infected maize plants . Infected maize plants were stunted regardless whether infected 
with WT or SAD1.  (B) Measurement of number of nodes per plant inoculated with water or 
infected with S. reilianum  strains WT or SAD1. All tested plants produced 4 to 6 nodes.  
(C)  Picture of maize plants three weeks post infection. Mock inoculated plants were taller  
than infected plants.  Values are means from 8-10 plants per construct. Error bars indicate 
the SEM. Means of SAD1 and water inoculated plants were tested for significant 
difference to WT infected plants  by ANOVA and Tukey test with p -value < 0.05. 
Timepoints at which WT shows significant differences to SAD1 and water inoculated 
plants, whilest SAD1 and water inoculated plants do not show differences were marked 
with green areas. These timepoints were d efined as showing SAD1 specific effects.  
 
Maize plants infected with S. reilianum showed stunted growth compared to maize plants 
inoculated with water. There was no significant difference between wild type infected 
plants and plants infected with SAD1 S. reilianum strains (Fig.5 A and C). This indicates 
that SAD1 is not involved in the stunted growth phenotype induced by infection of 
S. reilianum. There was no significant difference between infected and uninfected plants 
regarding the number of nodes produced (Fig.5 B). This indicates that S. reilianum 
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infection induces stunted growth by decreasing internode size rather than reducing node 
number. 
 
3.1.3 SAD1 does not trigger changes in development of infected maize 
tassels 
S. reilianum is able to infect emerging inflorescences and induce spore formation or 
production of leafy structures (Ghareeb et al. 2011). The male inflorescence (Tassel), is 
produced at the apex of the plant. The tassel structure is changed upon S. reilianum 
infection (Ghareeb. et al. 2011). We analysed whether changes induced by S. reilianum 
were in part or completely triggered due to the presence of SAD1 by analyzing branching 
patterns of tassel from plants infected with WT or SAD1 or inoculated with water.  
 
 
Fig.6: Plants inoculated with water, infected with S. reilianum  strains WT or SAD1 
produced the same amount of tassel branches . Maize plants inoculated with water,  
infected with S. reilianum  strains WT or SAD1, produced between 0.5 and 3 branches at 
the time points from 2 weeks to 8 weeks post infection. Heavily infected tassels look ed 
highly branched (right picture (WT)), but produce d the same amount of branches as water 
inoculated pictures (middle) when dissected (as indicated by the dashed lines; white line 
main axis of tassel; red lines branches from the main axis).  Values are means from 8-10 
plants per construct. Error bars indicate the SEM. Means of SAD1 and water inoculated 
plants were tested for significant difference to WT infected plants by ANOVA and Tukey 
test with p-value < 0.05. Timepoints at which WT shows significant differences to SAD1 
and water inoculated plants, whilest SAD1 and water inoculated plants do not show 
differences were marked with green areas. These ti mepoints were defined as showing SAD1 
specific effects.  
 
Tassels infected by S. reilianum (Fig. 6 right picture) differed from uninfected tassels (Fig. 
6 middle picture) because they produced leafy structures or spores (Fig.6 right picture). 
Even though the infected tassel looked highly branched, the branching pattern was not 
affected by S. reilianum infection (Fig.6 white and red dashed lines). The highly branched 
weeks post infection
T
as
se
l 
b
ra
n
ch
es
p
er
 p
la
n
t
0
0.5
1
1.5
2
2.5
3
3.5
4
2 3 4 5 6 7 8
H2O
WT
DSad1
Mock
 AD1
Mock WT
Results 
71 
 
appearance was rather due to the production of bigger leafy structures as compared to the 
rather small pollen containing antherns of water inoculated plants (Fig.6 middle picture). 
 
3.1.4 SAD1 induces production of subapical ears 4 weeks post infection 
It was previously shown that SAD1 increases the number of ears per plant in plants 
infected with S. reilianum (Ghareeb et al. 2015). However, little was known about the 
exact point in time at which these changes took place. To identify the point in time, we 
counted the number of ears of plants at 2, 3, 4, 5, 6, 7 and 8 weeks post infection. Plants 
were infected either with WT or SAD1 S. reilianum strains or inoculated with water. 
 
Results 
72 
 
 
Fig.7: Inflorescence of Gaspe Flint infected with S. reilianum  showed higher numbers of 
subapical ears 4 weeks after infection. (A)  Model of maize ear architecture. The branch is 
connected to the main stem and produces a shank. The shank is divided by nodes. Each node 
produces a husk leaf and potentially one or more subapical  ears.  At the apex of the last node 
an apical ear is produced . (B)  Subapical ears produced nodes and husk leaves. Very small 
subapical ears were unwrapped and the presence of ears inside  was confirmed. Bars = 2mm. 
(C) Ears from 4 week old plants inoculated with Mock (Water) or infected with WT 
S. reilianum . Ears differed in size (0.5-4 cm). Mock and WT infected plants produce d small 
and big ears. Bars = 1cm.  (D) Ears from 9 week old plants infected WT S. reilianum .  
Infected plants produced ears that harbored spores and produced subapical  ears. Subapical 
ears also produced spores and further subapical ears. Bars = 1cm. (E) Ears from 9 week old 
plants inoculated with water (Mock). Mock inoculated plants produced healthy kernels or 
not matured ears with silk, subapical  ears were produced at a very low rate. Bars = 1cm. (F)  
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with WT or SAD1 .  WT infected plants produced more ears per plant at 4 weeks after 
infection compared to Mock and SAD1 treated plants.  Plants were infected in two 
individual experiments with 15-25 plants per strains combination per experiment. Error bars 
= SEM.  Means of SAD1 and water inoculated plants were tested for significant difference 
to WT infected plants by ANOVA and Tukey test with p -value < 0.05. Timepoints at which 
WT shows significant differences to SAD1 and water inoculated plants,  whilest SAD1 
and water inoculated plants do not show differences were marked with green areas. These 
timepoints were defined as showing SAD1 specific effects.  
 
Branching of female flowers from maize occurred in two ways. Ears produced branches 
directly from the main stem (branch or primary branches) or branches were produced at the 
shank of primary branches (subapical ears or secondary branches) (Fig.7 A). Subapical 
ears could be easily recognized be the extra husk leaves produced at nodes of the shanks 
(Fig.7 A and B). Until three weeks after infection, female inflorescences of maize plants 
infected with S. reilianum did not differ from inflorescences of uninfected plants. At the 
early stages of ear development no formation of spores could be detected. All plants 
produced ears that differed in size, regardless of the plant treatment. While all ears differed 
in size, in 80% of the cases the biggest ear was severly bigger than the rest of the ears. The 
number of ears was not significantly affected by the plants treatment and all plants 
produced between 2-4 ears per plant. While some of the ears produced silk, none of the 
ears showed kernels at these early stages (Fig.7 C). At 4 to 8 weeks of infection, female 
infloresences of infected maize plants differed from uninfected plants in their branching 
pattern as well as in the appearance of ears (Fig.7 D and E). Infected plants were stunted 
and appeared to be more leafy than uninfected plants. No production of silk could be 
detected (Fig.7 D left). Infected plants produced many (> 4) small ears (0,5-4 cm) that 
contained spores and subapical ears (Fig.7 D, middle left). Spores were produced at the 
apical ear and the subapical ear (Fig.7 D, middle right). Subapical ears differed in size 
(0,25-4 cm) and spore content (0-100 %)(Fig.7, right). None of the infected plants 
produced ears with kernels. Uninfected plants produced bigger ears (>8 cm), without 
subapical ears. Instead, healthy ears produced silk and kernels after successful pollination 
(Fig.7 E). Plants infected with WT or SAD1 S. reilianum strains differed between each 
other. These differences became apparent after 4 weeks of infection. At this time point, 
WT infected plants produced more ears (>4) than Mock inoculated plants (2-4). On the 
other hand, plants infected with SAD1 produced the same amount of ears as Mock 
inoculated plants (2-4) over the entire infection time (Fig.7 F). There were no differences 
in the ability of spore formation between WT and SAD1 S. reilianum strains (Fig. 3). 
Spores and leafy structures emerging from ears were visible for the first time at 5 weeks 
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post inoculation. This indicated that the production of subapical ears was triggered before 
the fungus started to produce spores. It is clearly beneficial for the fungus to produce more 
inflorescence tissue that is suitable for the production of spores. The earlier emergence of 
subapical ears indicates that this process is independent from fungal induced changes in the 
apical ears such as spore production or development of leafy structures. 
 
3.1.5 SAD1-GFP is secreted from the fungal hyphae in infected leaves 
and ears 
Earlier studies showed that the fusion protein SAD1-GFP is not able to complement the 
SAD1 deletion when expressed in S. reilianum strains HG99 x HG95 background 
(SAD1) (Fig. 8A; Ghareeb et al. 2015). One possible explanation is the absence of the 
fusion protein due to degradation of SAD1-GFP. To test for the presence of the full length 
SAD1-GFP a western blot analysis with total protein from leaves 3 dpi and ears 4 wpi was 
performed. Tissues that were infected with S. reilianum strains YF2 5-1#1 X YF2 5-2#1 
(GFP) or HG183 X HG186 (SAD1-GFP) were compared. Expression of GFP as well as 
SAD1-GFP was controlled by the native SAD1 promotor. SAD1-GFP, even though it is not 
functional, showed that SAD1-GFP is secreted from the fungal hyphae (Ghareeb 2011; 
Ghareeb et al. 2015). Localization events were never quantified or compared to 
localization of GFP. Infected tissues were analysed by fluorescence microscopy to reveal 
differences in localization between GFP and SAD1-GFP. 
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Fig. 8: SAD1-GFP expressed by S. reilianum  in infected maize leaves or ears can be 
detected by fluorescence microscopy and western blotting.  (A)  Ears per plant of maize 
plants inoculated with Mock (Water) or infected with S. reilianum  strains WT, SAD1 or 
SAD1+SAD1-GFP. Integration of SAD1-GFP into SAD1 did not complement the deletion 
SAD1 . (B) Western blot with protein extract s from maize leaves and ears infected with 
S. reilianum  strains containing SAD1-GFP or GFP. Both proteins SAD1-GFP and GFP could 
be detected in infected leaves and ears. (C) Microscopic examination of the infected tissue 
used in (B). GFP and SAD1-GFP differed in the localization around the fungal hyphae. GFP 
produced an intracellular signal that is not present in some parts o f the fungal hyphae 
(arrow). SAD1-GFP localized around the fungal hyphae and sometimes produced small 
globular structures inside the fungal hyphae (arrow heads). Values are means from three 
experiments with 20-25 plants per strain combination. Error bars =  SEM. Asterisks indicate 
significant difference (students’s t-test, p-value < 0.05). Bars = 10µm. Infection data was 
provided by Hassan Ghareeb and is published in Ghareeb et al. 2015.  
 
Plants infected with S. reilianum strains WT, SAD1 or SAD1-GFP or inoculated with 
water (Mock) differed in the amount of ears they produced (Fig. 8A). WT infected plants 
showed an increased amount of ears per plant compared to all other treated plants. SAD1-
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GFP was not able to complement the deletion of SAD1 in terms of ears per plant. This 
indicates that SAD1-GFP was not functional (Fig. 8A; Ghareeb 2011; Ghareeb et al. 2015). 
Leaves collected at 3dpi and ears at 4 wpi, infected with S. reilianum strains GFP or GFP-
SAD1, were analysed by western blot using a -GFP antibody (Fig. 8B). Every tested 
sample produced a detectable signal after chemiluminescent detection. Signals were 
detected at a molecular weight of around 30 kDa for tissue infected with S. reilianum 
strains GFP. Signals from tissues infected with S. reilianum strains SAD1-GFP were of 
higher molecular weight, around 50 kDa. The molecular weight of GFP is 28 kDa and 
SAD1-GFP has a molecular weight of 48 kDa. This confirmed that GFP and SAD1-GFP 
were present in their full length form. In lanes of SAD1-GFP a second and faint third band 
were detected. One band slightly below 40 kDa and one band the same height as GFP (Fig. 
8B second lane). This could hint to proteolytic degradation of SAD1-GFP. Comparison of 
the same infected tissue by fluorescence microscopy revealed significant differences 
between GFP signal localization for S. reilianum strains GFP and SAD1-GFP (Fig. 8C). 
Tissue infected with S. reilianum strains GFP showed a fluorescence signal inside the 
fungal hyphae with big non-fluorescent spots (Fig. 8C arrows). The fluorescent signal 
localized around the fungal hyphae when the tissue was infected with SAD1-GFP and 
sometimes accumulated inside the fungal hyphae in small spots (Fig. 8C arrowheads). We 
can conclude that SAD1-GFP is present in full length in all infected tissue and that it 
localizes outside the fungal hyphae compared to GFP alone. SAD1-GFP might be 
subjected to proteolytic degradation in leaves and ears. We further analysed the 
fluorescence signals produced by the two different S. reilianum strains using the LAS AF 
software (Leica). 
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Fig. 9: Quantification of GFP signal localization in maize ears infected with 
S. reilianum  strains expressing GFP or SAD1-GFP revealed extracellular localization of 
SAD1-GFP.  (A)  Categorization of GFP signals produced by S. reilianum  hyphae expressing 
GFP or SAD1-GFP. Three different GFP signals could be distinguished from each other; 
slim hyphae producing a low signal to noise ratio (Type1); normal hyphae produc ing an 
extracellular GFP signal (Type2);  normal hyphae producing an intracellular GFP signal 
(Type3). Signal to noise ratio is shown in fluorescence intensity profiles (bottom diagrams) 
of blue ROI´s (blue lines in the upper pictures) (B)  Quantification of occurrences of the 
GFP signals described in (A). GFP-expressing hyphae showed mostly intracellular 
fluorescence signals. Hyphae expressing SAD1-GFP  showed mostly extracellular GFP 
signals.  Slim hyphae with weak GFP signals made up to 50% of the all hyphae in both 
strains. Values are means of two experiments.  Each experiment consisted of 5 plants per 
S. reilianum  strain. In total 148 hyphae were counted for GFP and 128 for SAD1-GFP. Error 
bars indicate the SEM. Significant difference was tested by ANOVA and Tukey test test 
with p-value < 0.05. Groups that show significant differences are marked with different 
letters above the boxes.  Bars = 10 µm. Pictures are Z-stacks of fluorescence microscope 
images.  
 
Analysis of fluorescent signal intensity profiles in tissue infected with S. reilianum strains 
GFP or SAD1-GFP revealed three different types of fluorescent signals (Fig. 9A). (1) Type 
1 or slim hyphae, produced a low signal to noise ratio and appeared very slim in the GFP 
and DIC channel. (2) Type 2 or Extracellular signals were produced by normal sized 
hyphae. The fluorescence signal produced two distinct peaks on the vicinity of the fungal 
hyphae with a good noise to signal ratio. (3) Type 3 or intracellular signal was produced by 
normal sized hyphae. The fluorescence signal produced one peak covering the entire 
fungal hyphae. Additional to categorizing the fluorescence signals we also quantified the 
appearance in tissue infected with S. reilianum strains GFP or SAD1-GFP (Fig. 9B). Type 
1 hyphae appeared in tissue infected with both S. reilianum strains and made up around 50 
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percent of all hyphae. S. reilianum strains GFP produced around 40% type three hyphae 
and the rest appeared to be type 2 hyphae. S. reilianum strains SAD1-GFP produced only 
type 1 and type 2 hyphae. This shows that SAD1-GFP more than 50% of the time 
produced an extracellular fluorescence signal and did not produce a intracellular signal. 
Hyphae expressing GFP showed an intracellular signal most of the time. This indicated 
that SAD1-GFP was secreted from the fungal hyphae. 
 
3.1.6 Small tags at the N- or C-terminus of SAD1 render SAD1 non 
functional 
It was shown that the fusion protein SAD1-GFP when expressed in S. reilianum strains 
HG99 x HG95 lacking SAD1 (SAD1) is not able to complement the SAD1 deletion 
(Ghareeb et al. 2015). As part of my master thesis in 2012 S. reilianum strains FD1-5 x 
FD11-15 that harbored SAD1 + SAD1-HA (SAD1 + SAD1-HA) as well as FD6-10 x 
FD16-20 containing SAD1 + MYC-SAD1 (SAD1 + MYC-SAD1) were produced (Frank 
Drechsler 2012). The produced strains were tested only once in an infection assay. In this 
study they were tested two more times in order to make a definite statement about the 
functionality of the fusion proteins. Functionality was tested by mating of compatible 
strains FD2 x FD12, FD3 x FD13 as well as FD7 x FD17 and FD8 x FD18. Mated strains 
were used to infect 7 day old maize seedlings by using a syringe. Water inoculated plants 
(Mock) as well as 5-1 x 5-2 (WT) and HG95 x HG99 (SAD1) infected plants were used 
as controls. Plants were grown for 8 weeks before evaluation. 
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Fig. 10: SAD1 tagged with MYC or HA did not complement the deletion of SAD1.  (A) 
Disease incidences in percent of maize plants inoculated with Mock (Water) or infected 
with S. reilianum  strains WT, SAD1, SAD1 + MYC-SAD1 or SAD1 + SAD1-HA. All 
maize plants infected with S. reilianum  strains were able to produce spores in ears and 
tassels.  (B)  Disease index relative to WT (WT = 10) of infections from (A). All maize 
plants infected with S. reilianum  behaved like WT infected plants. (C)  Ears per plant 
relative to WT infected maize plants from (A). Maize plants infected with WT showed 
increased number of ears per plants compared to all other infections. All S. reilianum  
strains with the SAD1  background produced the same number of ears per plant as Mock 
inoculated plants. Values are means of two individual infection experiments with 25 plants 
per S. reilianum  strain. Significant difference was tested by ANOVA and Tukey test test 
with p-value < 0.05. Groups that show significant differences are marked with different 
letters above the boxes.  
 
Evaluation of infected plants revealed that 80-90% of plant infected with S. reilianum 
strains produced spores or phyllody (Fig. 10A). Plants inoculated with water showed 
healthy and not matured ears (Fig. 10A). Plants infected with SAD1, SAD1 + MYC-
SAD1 and SAD1 + SAD1-HA showed spores less often then WT infected plants (Fig. 
10A). Analysis of the disease index of all infected plants (Fig. 10B) showed no significant 
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difference (ANOVA and Tukey test p-value > 0.05). When counting the number of ears 
per plant we saw that WT infected plants produced significantly more ears (ANOVA and 
Tukey test p-value < 0.05) than Mock inoculated plants and plants infected with SAD1. 
Plants infected with SAD1 + MYC-SAD1 and SAD1 + SAD1-HA did not produce 
significant differences (ANOVA and Tukey test p-value > 0.05) in the production of ears 
per plant when compared to Mock inoculated and SAD1 infected plants. This verified 
that the fusion proteins MYC-SAD1 and SAD1-HA when expressed in SAD1 
S. reilianum strains were not able to complement the SAD1 deletion. We conclude that 
even very small tags at the N- or C-terminus of SAD1 inhibit function of SAD1. 
 
3.1.7 SAD1-GFP-SAD1 leads to an increase in ear production in 
comparison to Mock plants 
Previously, the localization of SAD1 in infected maize leaves and ears using S. reilianum 
strains that either expressed SAD1 + SAD1-GFP, SAD1 + SAD1-HA or SAD1 + MYC-
SAD1 was analysed (Fig.). These strains did not show complementation of the SAD1 
deletion in terms of increased ears per plant production compared to uninfected plants. To 
create a tagged SAD1 protein with an unimpaired N- and C-terminus we created strains 
lacking SAD1 but expressing SAD1-GFP-SAD1SP (SAD1 + SAD1-GFP-SAD1) under 
control of the native SAD1 promoter. Strains were verified by PCR. Seven day old 
seedlings were infected with S. reilianum strains WT, SAD1 or SAD1 + SAD1-GFP-
SAD1 or inoculated with water (Mock). Plants were grown for 8 weeks after infection, 
before the number of ears per plant was evaluated. Additionally, leaves were harvested 4 
days post infection to analyse the localization of SAD1-GFP-SAD1. 
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Fig. 11: SAD1-GFP-SAD1 was present in leaves 4 days post infection.  Pictures on the left 
side show S. reilianum  hyphae expressing SAD1-GFP-SAD1  in leaves 4 days after infection. 
Box plot on the right side shows the number of ears per plant produced by 9 week old maize 
plants inoculated after 1 week with Mock (Water), infected with S. reilianum  strains WT, 
SAD1 or SAD1 + SAD1-GFP-SAD1. SAD1 + SAD1-GFP-SAD1 infected plants 
produced more ears than SAD1 infected plants,  but not as much as WT infected plants. 
Values are means (ANOVA and Tukey test p -value < 0.05) of 3 infections with 25 plants per 
construct. Bars = 25 µm.  
 
When analysing the localization of the fluorescence signal produced by S. reilianum 
hyphae expressing SAD1-GFP-SAD1, a GFP signal surrounding the hyphae was visible 
(Fig. 11, left pictures). This indicates that SAD1-GFP-SAD1 was expressed and secreted 
from the fungal hyphae like SAD1-GFP (Fig. 8). However, we were not able to detect 
SAD1-GFP-SAD1 inside of plant cells surrounding the fungal hyphae. This could hint to a 
problem of uptake, possible due to the increased size compared to that of native SAD1. 
When analyzing the number of ears produced by all treated plants 3 different groups were 
detected. All groups were significantly different from each other (ANOVA and Tukey test 
p-value < 0.05). The first group consisted of Mock inoculated and SAD1 infect plants. 
This group produced 0.3 times more ears than WT infected plants. The second group 
contained WT infected plants, these plants produced 11.6 (SEM +- 0.4) ears per plant. The 
last group contained SAD1 + SAD1-GFP-SAD1 infected plants. Plants infected with 
SAD1 + SAD1-GFP-SAD1 produced ~ 0.6 times the amount of WT infected plants. 
They produced significantly more than Mock and SAD1 treated plants but less than WT 
infected plants. This showed that SAD1-GFP-SAD1 partially complemented the deletion 
of SAD1. So far SAD1-GFP-SAD1 is the only tagged version of SAD1 that is able to 
increase the number of ears per plant over SAD1 level. 
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3.2 GFP-SAD1 in A. thaliana 
Earlier studies showed that 8 week old transgenic A. thaliana plants expressing GFP-SAD1 
under the control of the 35S promoter produced more secondary rosette-leaf branches and 
appeared to be bushier than 8 week old Col-0 plants, when grown under the same 
conditions (Fig. A and B; Ghareeb et al. 2015). To verify these findings and gain further 
information about the time point at which the changes take place, as well as to check for 
more phenotypes triggered by GFP-SAD1, we performed time course experiments. We 
used plant lines Col-0, P35S:GFP (GFP), P35S:GFP-SAD1 (970.1, 975.2 and 979.4; GFP-
SAD1#1-#3). Seeds were stratified for 2 days at 4°C before they were placed on 0.5 x 
Murashige and Skoog (MS) medium and grown in a percival. Seeds that germinated at the 
same day were transferred to soil. We used 10 x 10 x 10 cm pots filled with VM soil and 
grown further in a percival. Each pot contained 5 plants. The experiment was repeated 
three times. Each experiment contained 5 plants of Col-0, GFP and 15 plants of GFP-
SAD1 #1-#3. Plants were evaluated in a 2–2–3 day rhythm. 
 
3.2.1 GFP-SAD1 induces early branching in A. thaliana 
The branching pattern of A. thaliana plants was analysed as soon as the first branches were 
visible. Branches of 0.5 cm or bigger were counted. 
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Fig. 12: A. thaliana plants expressing GFP-SAD1 started production of branches earlier 
than Col-0 plants. (A)  Model of the branching pattern of A. thaliana . The cauline produces 
primary (1°) and secondary (2°) cauline -leaf branches. Primary rosette -leaf branches can 
produce secondary rosette-leaf branches. (B)  Pictures showing 8 week old Col -0 A. thaliana 
(left) and A. thaliana plants expressing GFP-SAD1  (1 = 970.1, 2 = 975.2 and 3 = 
979.4)(middle and right).  Plants expressing GFP-SAD1  were bushier than Col-0. (C)  Mean 
number of branches produced over time by Col -0, GFP and GFP-SAD1 plants. Col-0 and 
GFP plants produced the same amount of branches  while GFP-SAD1 plants produced 
branches earlier.  All three plant lines produced the same amount of branches in the end, 
except for secondary rosette -leaf branches. Numbers are means from three biological 
replicates with 15 plants for GFP-SAD1 and 5 plants for Col -0 and GFP per replicate.  Plants 
were grown under long day conditions with 5 plants in a 10x10x10 cm pot.  Means of Col-0 
and GFP plants were tested for significant difference to GFP -SAD1 plants by ANOVA and 
Tukey test with p-value < 0.05. Timepoints at which GFP -SAD1 shows significant 
differences to Col-0 and GFP plants,  whilest Col -0 and GFP plants do not show differences 
were marked with green areas. These timepoints were defined as showing SAD1 specific 
effects. Error bars indicate the SEM.  
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Evaluation of branching of A. thaliana lines Col-0, GFP and GFP-SAD1 verified that there 
were differences between GFP-SAD1 compared to Col-0 and GFP plants. Col-0 and GFP 
plants started branching at the same time point, while GFP-SAD1 plants started to produce 
branches earlier (Fig. 12C). Primary cauline-leaf branches were produced at day 29 after 
sowing by GFP-SAD1 and day 34 by Col-0. Secondary cauline-leaf branches were 
produced at day 37 by GFP-SAD1 and 41 by Col-0. Primary rosette leaf branches were 
produced at day 32-35 by GFP-SAD1 and 37 by Col-0. Secondary rosette-leaf branch were 
produced by day 37 by GFP-SAD1 and day 45 Col-0. Even though GFP-SAD1 started to 
branch earlier than Col-0, the final number of branches was not significantly different 
between all plant lines after 46 days. This showed that GFP-SAD1 produced more 
branches than Col-0 only in a limited time span (Fig. 12C green area). These results 
illustrate the importance of the correct time point for measurements for later studies of 
A. thaliana expressing GFP-SAD1 or other variants of SAD1. 
 
3.2.2 GFP-SAD1 promotes bending of rosette leaves  
Additionally to the evaluation of the branching structure of the A. thaliana plant lines Col-
0, GFP and GFP-SAD1, we also investigated the structure and growth of rosette leaves 
over the same time span. Plants were grown as described above. 
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Fig. 13: A. thaliana GFP-SAD1, GFP or Col-0 produced similar rosettes except for the 
rosette leaf width. (A) Number of rosette leaves produced over time by plant lines Col -0, 
GFP or GFP-SAD1. GFP-SAD1 plants produced equal amounts of rosette leaves compared 
to Col-0 and GFP plants except at days 27 to 28 (shortly before GFP-SAD1 plants started to 
branch (See Figure 12). Plants expressing GFP-SAD1  developed a similar rosette as Col -0 
plants (pictures at the right side). (B)  Maximum rosette radius of Col -0, GFP or GFP-SAD1 
plants. The maximum radius of Col -0, GFP or GFP-SAD1 plants was measured as indicated 
by the dotted line (pictures right side) and did not differ significantly in between plant lines. 
(C) Mean width of rosette leaves over time of Col -0 or plants expressing GFP  or GFP-SAD1 .  
Col-0 and GFP plants behaved alike while GFP-SAD1 plants produced bend leaves (pictures 
at the right side). The bending of leaves lead to leaves of different width. GFP-SAD1 plants 
produced narrower leaves at days 27 -31 compared to Col-0 and GFP plants. Numbers are 
means from three biological replicates with 15 plants for GFP-SAD1 and 5 plants each for 
Col-0 and GFP per biological replicate. Plants were grown under long day conditions with 5 
plants in a 10x10x10 cm pot. Means of Col-0 and GFP plants were tested for significant 
difference to GFP-SAD1 plants by ANOVA and Tukey test with p -value < 0.05. Timepoints 
at which GFP-SAD1 shows significant differences to Col -0 and GFP plants,  whilest Col -0 
and GFP plants do not show differences were marked with green areas. These timepoints 
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were defined as showing SAD1 specific effects.  Error bars indicate the SEM. Evaluation of 
plants was supported by Patrick Schwinges.  
 
Plants expressing GFP-SAD1 produced a similar rosette structure as Col-0 and GFP 
A.thaliana lines (Fig. 13A pictures). Col-0 and GFP produced the same amount of rosette 
leaves over the measured time span. GFP-SAD1 differed from the two other plant lines 
only between two measurement points at day 27-28. At those days GFP-SAD1 plants 
produced 11.1 rosette leaves while Col-0 plants already had 13.3 leaves. The number of 
rosette leaves was around 14 leaves for all plant lines at the end of measurement (Fig. 13A).  
Evaluation of the maximum radius of the rosette of A. thaliana plants Col-0, GFP and 
GFP-SAD1 did not show any difference between any of the lines at any time points 
measured (Fig. 13B). 
Leaf width measurement of all plant lines revealed differences between GFP-SAD1, Col-0 
and GFP. The maximum width of rosette leaves was measured by placing a ruler over the 
width of the biggest leaf. Leaves were not pressed flat on the ground to prevent damaging 
the plants. Thus bending of leaves was not accounted for when measuring the leaf width 
(Fig. 13C right pictures). The maximum width differed significantly between GFP-SAD1 
and Col-0 plants at days 27-31 (Fig. 13C green area). GFP-SAD1 produced rosette leaves 
with 0.86 cm in width, while Col-0 had broader leaves with 1.1 cm in width (Fig. 13C). 
Leaves of GFP-SAD1 were bend while this was not the case for Col-0 leaves, which 
ultimately results in temporally narrower leaves for GFP-SAD1.  
 
3.2.3 Floral structure is not affected by presence of GFP-SAD1 
Additionally to the evaluation of the branching and rosette leaf structure of the A. thaliana 
plant lines Col-0, GFP and GFP-SAD1 we also investigated the structure and growth of the 
inflorescence over the same time span. Plants were grown as described above. 
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Fig. 14: Flower structure, plant heigth and dry weight of A. thaliana plants expressing 
GFP-SAD1  or GFP  and Col-0 plants.  (A)  Number of floral parts of flowers of Col -0 or 
plants expressing GFP-SAD1 . The number of parts of the flower (left diagram) and the 
overall appearance of the flower (pictures on the right) did not differ between GFP-SAD1, 
GFP or Col-0 plants. Numbers are means of 5 flowers per plant line. (B)  Height of Col-0, 
GFP or GFP-SAD1 plants. GFP-SAD1 plants started bolting before Col -0 or GFP plants 
leading to significant differences at early time points. Finally all plant lines produced plants 
of similar height. Pictures next to the diagram show 8 week old plants and dashed lines 
indicate the measurement line. (C) Mean dry weight of 5 plants of Col-0 or plants 
expressing GFP or GFP-SAD1 #1-3. All tested plant lines produced the same dry weight 
after 8 weeks of growth. Values are means of three bags with 5 plants each. Plant lines were 
tested for difference using ANOVA. (D) Numbers of siliques produced by the three different 
plant lines Col-0, GFP or SAD1. GFP-SAD1 generated more siliques than the other two 
plant lines at days 35 -36 and 39-40. Reduction of siliques is generated by abortion of some 
siliques which can only be confirmed after addi tional growth. Pictures next to the diagram 
show siliques produced by Col -0 or GFP-SAD1. Col-0 produced normal siliques, whereas 
GFP-SAD1 produced aborted siliques (arrow heads) additionally to normal siliques (most 
right picture).  Numbers in B and D are means from three biological replicates with 15 plants 
for GFP-SAD1 and 5 plants each for Col -0 and GFP per biological replicate.  Plants were 
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grown under long day conditions with 5 plants in a 10x10x10 cm pot. Means of Col-0 and 
GFP plants were tested for significant difference to GFP -SAD1 plants by ANOVA and 
Tukey test with p-value < 0.05. Timepoints at which GFP -SAD1 shows significant 
differences to Col-0 and GFP plants,  whilest Col -0 and GFP plants do not show differences 
were marked with green areas. These timepoints were defined as showing SAD1 specific 
effects. Error bars indicate the SEM.  
 
Comparison of flowers from A. thaliana plant lines Col-0, GFP and GFP-SAD1 revealed 
no difference in the overall structure (Fig. 14A). Flowers were dissected and the different 
parts, sepal, petal, stamen and pistil were counted. All plant lines displayed the same 
amount of floral parts (Fig 14A right diagram). Analysis of the single flower parts with a 
binocular showed that size and form of the different parts of the flower were similar among 
all tested plant lines (Fig. 14A left pictures). It should be noted that the time span from 
closed flower to open flower and emerging silique seemed to be shorter for GFP-SAD1 
plants than Col-0.  
Measurement of plant height of all tested plant lines showed that GFP-SAD1 bolted earlier, 
but ultimately plants were of similar height compared to Col-0. GFP-SAD1 plants started 
to bolt 27 days after sowing, while GFP plants started at day 29 and Col-0 at 31 (Fig. 14B 
left diagram). At days 27-28 and 32-37 GFP-SAD1 plants were significantly (ANOVA and 
Tukey test p-value < 0.05) taller than plants that expressed GFP or Col-0 plants (Fig. 14B 
left diagram green area). After day 37 no significant difference in plant height could be 
detected. To determine the dry weight produced by the different plant lines all parts above 
the rosette were harvested in a paper bag. Each bag contained 5 plants. The bags were 
measured once per week. Plants were considered completely dry when the weight did not 
change between two measurements. Three bags, each containing 5 plants per plant line, 
were measured. The dry weight of all plants lines was similar and did not differ 
significantly (Fig. 14C; ANOVA and Tukey test p-value > 0.05). Finally we measured the 
number of siliques of the tested plant lines at the time span of 34-44 days (Fig. 14D). GFP-
SAD1 plants started the production of siliques two days earlier than Col-0 and GFP plants. 
At days 35-36 and 39-40 The total amount of siliques was significantly higher for GFP-
SAD1 compared to the other two plant lines (Fig. 14D green area). After day 40 a drop in 
the amount of siliques for GFP-SAD1 was observed. Siliques counted before this time 
point were not growing to full size or even aborted completely (Fig. 14D arrow heads in 
right pictures). After day 40 only fully grown siliques were counted. Col-0 and GFP did 
not produce aborted siliques at the same growing conditions (Fig. 14D right pictures). 
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In summary A. thaliana plants expressing GFP-SAD1 showed significant differences when 
compared to Col-0 or GFP plants. Most drastic phenotypes of GFP-SAD1 plants included 
early bolting and early branching (Fig. 12). Minor phenotypes that need further analysis 
included, bending of rosette leaves, faster flower to silique development and increased 
silique abortion (Fig. 13). GFP-SAD1 plants were bushier than Col-0 and GFP plants (Fig. 
12). Most drastic changes induced by GFP-SAD1 could be observed at specific time points 
of plant development, while plants that completed growth appeared to have only minor 
differences compared to Col-0 and GFP plants. 
 
3.2.4 GFP-SAD1 does not affect auxin distribution in DR5 A. thaliana 
plants 
It was shown that transgenic A. thaliana plants expressing GFP-SAD1 have an increased 
number of secondary rosette leaf-branches (Ghareeb et al. 2015). Additionally, SAD1 lead 
to the deregulation of TEOSINTE BRANCHED1 (TB1) and PINOID1 (PIN1) in maize ears 
infected with S. reilianum (Ghareeb et al. 2015). TB1 is a negative regulator of branch 
outgrowth and its expression is controlled by auxin (Finlayson 2007). PIN1 is an auxin 
efflux transporter (Křeček et al. 2009). Thus, we were interested whether SAD1 can alter 
auxin concentration in planta. We used transgenic A. thaliana plants expressing GFP 
under the control of the auxin inducible promoter DR5. PDR5:GFP (DR5) plants were 
transformed by A. tumefaciens to express P35S:SAD1 (created by Hassan Ghareeb, Jenny 
Krüger, Thomas Teichmann and Christian Löfke). Transgenic plants were grown on 0.5 x 
MS plates for 12 days and subsequently analysed by fluorescence microscopy. If SAD1 
would be able to alter auxin concentration this would be visible by changes of GFP 
localization or abundance in the tested plant tissue. 
 
Results 
90 
 
 
Fig. 15: SAD1  does not change expression pattern of GFP  under the control of the auxin 
responsive promoter DR5 in any parts of 12 day old A. thaliana seedling . 12 day old 
plants were analysed using fluorescence microsopy. All parts of the plant (Cotyledon, leaf,  
hypoctyl, root  hair, root and root tip) showed expression of GFP . Expression patterns 
differed inbetween the different parts of the plant but not among the two different plant 
lines tested (PDR 5:GFP  or PDR5:GFP \P35 S:SAD1). The experiment was repeated two times and 
at least 5 plants per line were tested in each experiment. Bars = 100µm. Transgenic 
A. thaliana plants were created by Hassan Ghareeb, Jenny Krüger, Thomas Teichmann and 
Christian Löfke.  
 
We analysed cotyledons, leaves, hypocotyl, the root hair zone, roots and root tips of 12 day 
old A. thaliana seedlings expressing either PDR5:GFP or PDR5:GFP / P35S:SAD1. In leaves 
and cotyledons GFP was visible in every cell. In the hypocotyl, root hair zone and root, 
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GFP was most prominent in the vascular bundles. GFP accumulated at the tip of the main 
and side roots (Fig. 15). There were no detectable differences in GFP signal distribution 
between A. thaliana plants expressing PDR5:GFP or PDR5:GFP / P35S:SAD1. 
 
 
Fig. 16: Indirect measurement of auxin using the DR5 system, reveals that SAD1 does 
not change auxin distribution in 21 day old A. thaliana plants . 21 day old plants were 
analysed using fluorescence microscopy. GFP signal patterns differ in between the different 
parts of the plant but not among the two different plant lines expressing either PDR5 :GFP  or 
PDR5:GFP / P3 5S:SAD1 . Arrowheads point to tips of newly formed leaves. The experiment 
was repeated two times and at least 5 plants per line were tested in each experiment.  Bars = 
100µm. Transgenic A. thaliana plants were created by Hassan Ghareeb, Jenny Krüger, 
Thomas Teichmann and Christian Löfke.  
 
Additionally, we tested leaf axils, leaf tips and leaf veins of 21 day old plants of the same 
A. thaliana lines. In leaf axils, GFP was visible in the vascular bundles and at the tips of 
young emerging leaves (Fig. 16 arrow head). In older leaves, the GFP signal was most 
prominent in the vascular bundles and at the leaf tip (Fig. 16). GFP signals of other parts 
of the 21 day old plants were similar to those of 12 day old plants (Fig. 15, Fig. 16). 
Expression of SAD1 in transgenic A. thaliana plants expressing GFP under the control of 
the auxin inducible DR5 promotor did not show changes in GFP abundance and 
localization in different parts of the plant. This implicates that SAD1 has no immediate 
effect on auxin concentration and distribution in the tested plant parts. Further analysis of 
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GFP expression in cauline branches and rosette branches revealed that auxin is present in 
the vascular bundles in both PDR5:GFP or PDR5:GFP / P35S:SAD1 plant lines.  
 
3.2.5 Presence and abundance of GFP-SAD1 is organ and organ-age 
dependent 
It was shown that transgenic A. thaliana plants expressing P35S:GFP-SAD1 (GFP-SAD1) 
are able to increase branching compared to Col-0 plants (Ghareeb et al. 2015). To further 
investigate those plants we used fluorescence microscopy to study the localization of GFP-
SAD1 and compared it to A. thaliana plants expressing P35S:GFP (GFP). Plants were 
stratified on 0.5 x MS agar plates for 2 days at 4°C. After the stratification period, plants 
were grown under long day conditions in a percival for 12 days. Seedlings were carefully 
removed from the agar plates and mounted in water on objective slides and directly used 
for fluorescence microscopy. 
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Fig. 17: Overview of GFP signal localization of 12 day old A. thaliana seedlings 
expressing GFP  or GFP-SAD1  reveals that GFP-SAD1 localization differed from GFP 
alone.  GFP signal localization of plant lines GFP and GFP-SAD1 was studied using 
fluorescence microscopy. The entire seedling was divided into 6 parts: Cotyledon, leaf, 
hypocotyl, root hair, root and root tip. All parts of all lines showed GFP signals except the 
hypocotyl of GFP-SAD1 plants. GFP localization in the p lant lines GFP and GFP-SAD1 
differed in all parts of the plant. The experiment was repeated two times and at least 5 
plants per line were tested in each experiment. Bars = 100µm. Transgenic A. thaliana plants 
expressing P35 S:GFP-SAD1  were created by Hassan Ghareeb, Jenny Krüger, Thomas 
Teichmann and Christian Löfke. A. thaliana plants expressing P3 5S:GFP  were given to us by 
Dr. Nikolaus L. Schlaich.  
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We could detect GFP signals in all plants of the lines GFP and GFP-SAD1. While the GFP 
signal was visible in all parts of the plants from A. thaliana lines GFP, this was not the case 
for A. thaliana lines GFP-SAD1. GFP-SAD1 lines did not show a GFP signal in the 
hypocotyls (Fig. 17). The GFP signal did also change in the cellular localization between 
GFP and GFP-SAD1. GFP produced a fluorescence signal in every cell in leaves and 
cotyledons and it accumulated in the vascular bundles (Fig. 17 left pictures). GFP-SAD1 
did not produce a GFP signal that accumulated in the vascular bundles, instead it 
accumulated in the guard cells of stomata in the cotyledons. In young emerging leaves 
GFP-SAD1 accumulated in globular structures that could possibly be cell nuclei. In the 
hypoctoyl and root cells GFP accumulated in the vascular bundles and was also visible in 
the surrounding cells. GFP-SAD1 did not accumulate in the vascular bundles and was not 
visible in the hypocotyls at all. In the root hair zone GFP-SAD1 generates an intense signal 
in all cells and accumulated in the nuclei of root hairs as well as in root cells. GFP 
accumulated slightly in the root tip. GFP-SAD1 lines produced no such accumulation at 
the root tip but instead showed a GFP signal that accumulated in the nuclei of cells at the 
root tip.  
The fusion of SAD1 to GFP lead to changes in localization compared to GFP alone. This 
indicates that SAD1 is able to actively be transported to specific subcellular destinations 
and maybe targeted for degradation in some parts of A. thaliana plants. 
 
3.2.6 Subcellular localization of GFP-SAD1 in A. thaliana, reveals 
nuclear accumulation of GFP-SAD1 
While analyzing the localization of GFP-SAD1 in transgenic A. thaliana plants it could be 
observed that GFP-SAD1 accumulated in globular structures in leaf and root cells (Fig. 17; 
Ghareeb et al. 2015). Therefore we further investigated the subcellular localization of GFP-
SAD1 using fluorescence microscopy. Seeds were stratified on 0.5 x MS agar plates for 2 
days at 4°C. After the stratification period, seeds were germinated and plants grew under 
long day conditions in a percival for 12 days. Seedlings were carefully removed from the 
agar plates, mounted in water on objective slides and directly used for fluorescence 
microscopy. 
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Fig. 18: Quantitative fluorescence  microscopy revealed the nuclear accumulation of 
GFP-SAD1.  (A)  Microscopic pictures of leaf and root cells expressing GFP-SAD1 .  A 
prominent GFP signal was detected in the nucleus of leaf and root cells. (B)  Measurement of 
fluorescence intensity along the red region of interest (ROI) in leaf cells of transgenic 
A. thaliana seedlings expressing GFP  or GFP-SAD1 . Intensity profile of the red ROI 
revealed higher flourescence intensity in the nucleus compared to t he cytoplasm of cells 
expressing GFP-SAD1 .  (C)  Quantification of the nucleus:cytoplasm fluorescence intensity 
ratio using two ROI´s (one measur ing the fluorescence intensity along the cytoplasm of the 
cell and one ROI measuring the intensity inside of the nucleus of the same cell. GFP-SAD1  
expressing cells produced a nucleus:cytoplasm intensity ratio of 3 : 1 while cells expressing 
GFP  produced a ratio of 1 : 1 .  Five different plants and 35 -40 cells were analysed for each 
construct. Error bars show standard  deviation. Letters above the data indicate statistically 
significant differences (student’s t.test p ≤ 0 .001). Bars = 50 µm.  
 
Fluorescence microscopy of A. thaliana plants expressing GFP-SAD1, revealed presence 
of GFP-SAD1 in the cytoplasm and the nucleus of leaf and root cells (Fig. 18A). In both 
cell types, the signal intensity seemed higher in the nucleus compared to the cytoplasm. In 
leaf cells the signal intensity differed severely at different parts of the same leaf (Fig. 18 A 
and B). Comparison between A. thaliana plants expressing GFP and GFP-SAD1 showed 
that both localized to the cytoplasm and nucleus of the cells, but GFP-SAD1 accumulated 
in the nucleus (Fig. 18 B and C). Quantification of the fluorescence ratio 
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nucleus:cytoplasm of 40 cells for GFP expressing A. thaliana plants and 35 cells of GFP-
SAD1 expressing A. thaliana plants showed severe differences between the two plant lines. 
GFP alone diffused freely in the cell and produced a nucleus:cytoplasm ratio of 1 : 1. GFP-
SAD1 seemed to be actively transported into the nucleus of the plant cell and produced a 
nucleus:cytoplasm fluorescence ratio of 3 : 1 (Fig. 18C). 
 
3.2.7 Changes in GFP-SAD1 abundance in leaves of A. thaliana are not 
linked to degradation by the 26S proteasome 
GFP-SAD1 lead to the production of different GFP signals in different leaves of 
A. thaliana plants expressing GFP-SAD1 (Fig. 17). GFP-SAD1 signals were either 
produced in all leaf cells, in patches, or just in the stomata. Inside these cells GFP-SAD1 
was present in the nucleus and the cytoplasm (Fig. 17). GFP-SAD1 expression was 
controlled by the P35S. P35S:GFP was present in all leaf cells indicating that P35S is active 
and P35S:GFP-SAD1 should be transcribed. We deduced that loss of signal in some cells of 
leaves could be due to post translational modifications and possible degradation. 
Degradation of proteins is carried out by the 26S Proteasome after they have been tagged 
by long chains of ubiquitin (Glickman et al. 2002). To investigate involvement of the 26S 
proteasome in the signal loss of some cells in A. thaliana leaves expressing GFP-SAD1, we 
treated those with the proteasome inhibitor MG132 (Kisselev
 
and Goldberg 2001). Signal 
abundance was leaf dependent thus the same leaf was used for treated and untreated 
samples by cutting it in half. One side was treated with DMSO and the other side with 100 
µM MG132 solved in DMSO. Leaf samples were vacuum infiltrated and then incubated in 
growth medium with or without MG132, overnight. At the next day, leaves were mounted 
in water on an objective slide and analysed by fluorescence microscopy; or frozen in liquid 
nitrogen and ground for subsequent protein isolation. Isolated total protein was analysed by 
western blotting using -GFP antibodies. 
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Fig. 19: GFP-SAD1 protein abundance in leaves of A. thaliana plants was not altered by 
infiltration with the proteosome inihbitor MG132.  (A)  Western blot of total protein from 
halved leaves infiltrated either with DMSO or DMSO + 100 µM MG132 and -GFP 
antibody. Intact GFP-SAD1 was detected at around 48 kDa in protein extracts from both  
DMSO and MG132 treated leaf halves. Ponceau S staining showed nearly equal amount of 
Rubisco (RBCL) as loading control. (B)  Fluorescence microscopic evaluation of leaves  from 
A. thaliana plants expressing GFP-SAD1  after infiltration with DMSO or DMSO + 100 µM 
MG132. All leaves show GFP-SAD1 either visible in the pavement cells or restricted to 
guard cells of stomata regardless if they were infiltrated with DMSO or DMSO + 100 µM 
MG132. The experiment was repeated twice  with the same outcome.  
 
An equal of amount of treated and untreated sample was analysed by western blotting. 
GFP-SAD1 was detected in treated as well as untreated samples (Fig. 19A). Samples 
treated with DMSO produced a slightly more intense band than samples treated with 
DMSO + MG132. Fluorescence microscopic analysis of leaves treated with MG132 
compared to leaves treated with DMSO showed similar results. GFP-SAD1 signals were 
only present in guard cells of stomata, or in patches of varying size in pavement cells of 
leaves in untreated samples (Fig. 19B). This did not change after treatment with MG132.  
 
3.2.8 Plasmolysis reveals that GFP-SAD1 localized to the 
plasmamembrane or the cytoplasm and the nucleus but not the cell 
wall of A. thaliana cells 
When studying localization of a protein by the fusion of GFP, it is not possible to 
determine whether a signal localized to the periphery of the cell is actually localized to the 
cell wall, plasma membrane, or the cytoplasm. To check whether GFP-SAD1 localized to 
the cytoplasm or the plasma membrane instead of the cell wall we performed plasmolysis 
experiments. By inducing plasmolysis, the plasma membrane and the cytoplasm detached 
from the cell wall and thus could be spaciously distinguished from one and another. Leaves 
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of 2-4 week old N. benthamiana plants were infiltrated with GV3101 + P35S:GFP-SAD1 / 
P35S:mCHERRY. After incubation of the infiltrated leaves, infiltrated areas were cut from 
the leave and vacuum infiltrated with water or 1 M Mannitol, to induce plasmolysis. 
Samples were incubated for 2 h after vacuum infiltration and subsequently analysed by 
fluorescence microscopy. 
 
 
Fig. 20: Plasmolysis experiments revealed that GFP-SAD1 expressed in A. thaliana 
leaves localized in the plasma membrane or cytoplasm and is not bound to the cellwall.  
Plasmolysis of A. thaliana leaf cells, from plants expressing GFP-SAD1. Samples were 
incubated for 2 h in water as control , or 1 M mannitol to induce plasmolysis. After 
Plasmolysis the GFP signal did no longer show the interconnected pavement cell structure 
(Water) but localized in a globular way. T his indicated that GFP-SAD1 did not localize in 
the apoplast or the cell wall. Arrows indicate places where the plasma membrane loses 
contact to the cell wall.  Bars = 20µm.  
 
Cells treated with water did not differ from untreated cells (Fig. 18, Fig. 20). Cells treated 
with 1 M Mannitol did not show the interconnected pavement cell structure as visible for 
untreated cells, instead GFP and mCHERRY signals localized around the globular cell 
membrane. We concluded that GFP-SAD1 did not localize to the cell wall of the plant cell. 
 
3.2.9 Phosphorylation sites are involved in determination of the 
subcellular localization of GFP-SAD1 
GFP-SAD1 accumulated in the nucleus when heterologously expressed by transgenic 
A. thaliana plants (Fig. 18). Localization to the nucleus can be achieved by the presence of 
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a nuclear localization signal (NLS) (Kalderon & Smith 1984). Bioinformatic analysis of 
the amino acid sequence of SAD1 failed to detect an NLS (Ghareeb et al. 2015). 
Alternatively to an NLS, phosphorylation of proteins can be a key factor of the nuclear 
import system. Phosphorylation sites important for nuclear import are called nuclear 
translocation signals (NTS) (Nardozzi et al. 2010). SAD1 contained three putative 
phosphorylation sites (1) Protein kinase C phosphorylation site at amino acid position 86-
88 (SAK); (2) Protein kinase C phosphorylation site at amino acid position 108-110 (SYR); 
(3) Casein kinase II phosphorylation site at amino acid position 163-166 (TRED, Ghareeb 
et al. 2015). We analysed the contribution of these phosphorylation sites to nuclear import 
by site directed mutatgenesis. The predicted phosphorylation sites contained one amino 
acid each that could be phosphorylated. These amino acids were serines in the protein 
kinase C phosphorylation sites, at amino acid position 86 and 108, and a threonine of the 
casein kinase II phosphorylation site at amino acid position 163. To prevent 
phosphorylation of these sites, we substituted these amino acids with an alanine (AAK, 
AYR, ARED, Dephoure et al. 2013, Zhao et al. 1994). To mimic constitutive 
phosphorylation of these phosphorylation sites we substituted serine with glutaminc acid 
and threonine with aspartic acid (EAK, EYR, DRED, Maciejewski et al. 1995, Luciano et 
al. 2004). Mutated versions of SAD1 were cloned into pHG44, theirby substituting the pre 
existing SAD1 construct in this plasmid. This created plasmids that contained P35S:GFP-
SAD1Mutatedphosphorylationsite / P35S:mCHERRY. Plasmids also contained a left and right border (LB 
and RB) for agrobacterium mediated transformation and genomic integration. Plasmids 
were transformed into GV3101 pMP90RK (GV3101 + GFP-
SAD1Mutatedphosphorylationsite/mCHERRY). Transformed agrobacterium strains were used to 
infiltrate and transform 2-4 week old N. benthamiana plants. As control, we used GV3101 
+ pHG44 (GV3101 + GFP-SAD1/mCHERRY). Infiltrated areas were analysed by 
fluorescence microscopy and fluorescence intensity was quantified using the LAS AF 
software (Leica). 
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Fig. 21: Single amino acid exchanges in two of the three predicted phosphorylation sites 
of SAD1 led to changes in subcellular localization of GFP-SAD1 in infiltrated 
epidermal cells of N. benthamiana .  (A)  Fluorescence microscopic pictures of the 
infiltrated N. benthamiana cells measured. All infiltrated cells produced a signal in the 
nucleus and the cytoplasm of epide rmal cells. Bottom right picture showed the arrangement 
of ROI used to measure the fluorescence intensity of the nucleus or the cytoplasm. (B)  
Boxplot showing the fluorescence ratio [ nucleus:cytoplasm] of N. benthamiana cells 
infiltrated with GV3101 + GFP-SAD1/mCHERRY or GV3101 + GFP-
SAD1Mut ate dph osp hor yla t io n s i t e /mCHERRY. Cells infiltrated with GFP-SAD1 harboring the 
mutations SAK:EAK or TRED:ARED produced a fluorescence ratio [ nucleus:cytoplasm] of 
around 6 : 1. GFP-SAD1 and all other mutants produced a ratio of 9 -10 : 1. mCHERRY 
produced a ratio of 2 : 1. Values are means of 2 infiltrations experiments.  Per experiment 
15-20 cells were measured. Significant difference was tested by ANOVA and Tukey test 
with p-value < 0.05. Groups that show significant differences are marked with different 
letters above the boxes. Bar = 50 µm.  
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Microscopic analysis of infiltrated areas from N. benthamiana leaves showed signals for 
GFP and mCHERRY for all constructs (Fig. 21A). Furthermore, the presence of 
mCHERRY confirmed that cells were transformed. Leaves infiltrated with GV3101 + 
GFP-SAD1/mCHERRY showed a mCHERRY signal in the cytoplasm and the nucleus of 
the pavement cells of N. benthamiana. The GFP signal produced by GFP-SAD1 was 
detectable in the cytoplasm and the nucleus, but seemed to accumulate in the nucleus (Fig. 
21A). Signal intensity for GFP and mCHERRY varied in between cells of the same 
infiltrated patch, but all cells produced a signal. Leaves infiltrated with GV3101 + GFP-
SAD1Mutatedphosphorylationsite/mCHERRY produced an mCHERRY and GFP signal that was 
present in the cytoplasm and the nucleus (Fig. 21A). This was true for all used GFP-
SAD1Mutatedphosphorylationsite strains (Fig. 21A). We could not detect big differences in the GFP 
signal intensity of the transformed cells when using the same exposure time for all 
infiltrated areas (Fig. 21A). This indicated that mutations at the phosphorylation sites did 
not lead to a misfolded protein since misfolded proteins would likely be degraded leading 
to a lower signal for GFP while the mCHERRY signal would not be affected. Mutations at 
the phosphorylation sites did not alter the localization of the GFP-SAD1Mutatedphosphorylationsite 
fusion protein compared to GFP-SAD1.  
To quantify the fluorescence intensity in the nucleus and the cytoplasm of the transformed 
cells we used regions of interest (ROI) that covered the nucleus or the cytoplasm (Fig 21A 
bottom right picture). Mean fluorescence intensity of the ROI was measured with the LAS 
AF software (Leica). We calculated the mean nucleus:cytoplasm ratio of all measured cells 
for the same construct and blotted them in a box plot using the R software (Fig. 21B). 
GFP-SAD1 produced a nucleus:cytoplasm ratio of about 9 : 1 in transformed N. 
benthamiana cells. This ratio is lower for mCHERRY, which produces a mean 
nucleus:cytoplasm ratio of about 2.5 : 1. Serine to alanine substitutions of the protein 
kinase C phosphorylation sites did not change the nucleus:cytoplasm ratio significantly 
compared to GFP-SAD1 (ANOVA and Tukey test p-value > 0.05) (Fig. 21B). The 
threonine to alanine substitution of the casein kinase II phosphorylation site (TRED : 
ARED) did significantly decrease (ANOVA and Tukey test p-value < 0.05) the 
nucleus:cytoplasm ratio to around 5 : 1 (Fig 21B). This indicated that dephosphorylation of 
the predicted casein kinase II phosphorylation site decreased the ability of GFP-SAD1 to 
accumulate in the plant cell nucleus. When trying to mimic constitutive phosphorylation by 
the exchange of serine to glutamic acid in the protein kinase C phosphorylation site and 
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threonine to aspartic acid in the casein kinase II phosphorylation site, we could identify 
changes in the nucleus:cytoplasm ratio as well (Fig. 21B). The phosphomimetic (SAK : 
EAK) of the protein kinase C phosphorylation site, at amino acid postion 86-88 (SAK), 
lead to a significant (ANOVA and Tukey test p-value < 0.05) decrease of the 
nucleus:cytoplasm ratio compared to GFP-SAD1 (Fig. 21B). The nucleus:cytoplasm ratio 
of SAK : EAK with 5 : 1 is comparable to TRED : ARED. The phosphomimetic (SYR : 
EYR) of the protein kinase C phosphorylation site, at amino acid position 108-110 (SYR), 
did not lead to significant changes (ANOVA and Tukey test p-value > 0.05) when 
compared to GFP-SAD1. This indicated that the phosphorylation status of the second 
protein kinase C phosphorylation site at amino acid position 108-110 was not relevant for 
the traffic between nucleus and cytoplasm of GFP-SAD1. The phosphomimetic (TRED : 
DRED) of the casein kinase II phosphorylation site did not lead to significant changes 
(ANOVA and Tukey test p-value > 0.05) compared to GFP-SAD1. However, TRED : 
DRED did produce a significantly different (ANOVA and Tukey test p-value < 0.05) 
nucleus:cytoplasm ratio than TRED : ARED. This highlights that the phosphorylation 
status of the casein kinase II phosphorylation site played a role in the nucleus-cytoplasm 
trafficking of GFP-SAD1. In summary we showed that phosphorylation of the first protein 
kinase C phosphorylation site and dephosphorylation of the casein kinase II 
phosphorylation site promoted cytoplasmic localization. 
 
3.2.10 Targeted SAD1 localization to subcellular components of the cell in 
A. thaliana.  
A. thaliana plants expressing GFP-SAD1 produced more branches at earlier time points 
than untransformed Col-0 plants (Fig. 12). GFP-SAD1 localized to the cytoplasm and 
accumulated in the nucleus in transgenic A. thaliana plants (Fig. 18). To analyse where 
SAD1 has to be present to full fill its function we expressed GFP-SAD1 fused to different 
signal sequences to force it into certain compartments of the cell. We used a nuclear 
localization signal (NLS), nuclear export signal (NES) and signal peptide (SP). The NLS 
(amino acid sequence PKKRK) leads to active transport into the nucleus (Lange et al. 
2007). The NES (amino acids sequence LPPLERLTL) leads to active export from the 
nucleus (Kosugi et al. 2008). The SP is a signal sequence that promotes localization to the 
endoplasmatic reticulum (ER) after translation of the gene, followed by integration into the 
plasma membrane or export from the cell (von Heijne 1990). To control that the final 
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localization and not the addition of amino acids led to the changes in functionality, we 
constructed controls that contain mutated NLS and NES motifs. These mutated NLS 
(AAAAA; mNLS) and NES (APPAERATA; mNES) motifs were of the same length as the 
native NLS and NES but harbored alanine substitutions at amino acid positions critical for 
the function of the motif. Constructs were created as part of the bachelor thesis of Melissa 
Romich (Romich 2014). We used PCR primers that contained the NLS, mNLS, NES, 
mNES or SP and created the constructs GFP-NLS-SAD1SP, GFP-mNLS-SAD1SP, 
GFP-NES-SAD1SP, GFP-mNES-SAD1SP and SP-GFP-SAD1SP by using pHG44 as 
a template. These primers also contained 40 bp overhangs to create Gibson assembly 
compatible PCR products. For each construct we created a short and a long part consisting 
of the vector backbone of pHG44 and the vector backbone of pHG44 + the construct. The 
two parts were ligated to plasmids by Gibson assembly. Ligation products were cloned in 
TOP10 cells, isolated and checked for integrity by restriction enzyme digest and 
sequencing. Correct plasmids were transformed into GV3101 + pMP90RK (GV3101). 
Transformed agrobacteria were used to infiltrate N. benthamiana leaves to confirm the 
desired localization. All constructs except for GFP-NES-SAD1 did show the desired 
localization in infiltrated N. benthamiana leaves (Romich 2014). GFP-NES-SAD1SP did 
show reduced nuclear accumulation with a nucleus:cytoplasm ratio of 2 : 1 as compared to 
GFP-SAD1 that produced a 3 : 1 when tested in parallel. However, GFP-NES-SAD1SP 
was still detectable in the cytoplasm. After the correct localization was confirmed we used 
the agrobacterium strains for floral dip of A. thaliana plants. So far heterozygous T2 
A. thaliana seeds were produced. Homozygous A. thaliana plant lines will be tested for 
their branching phenotype in the future. 
 
3.2.11 CBL1-GFP-NES-SAD1SP prevents nuclear import 
Subcellular localization of proteins can be altered by specific amino acid sequences. GFP-
SAD1SP could be forced into the nucleus by addition of an NLS, or out of the cell by 
addition of a signal peptide, when transiently expressed in N. benthamiana leaf cells 
(3.2.10). Addition of an NES to GFP-SAD1SP led to enhanced export out of the nucleus 
compared to GFP-SAD1SP (3.2.10), but a portion of GFP-SAD1SP remained in the 
nucleus. To produce a NES-GFP-SAD1SP fusion protein that would not be able to re-
enter the nucleus after export we fused the membrane anchor domain of CBL1 (Batistic et 
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al., 2008) to the N-terminus of NES-GFP-SAD1SP, creating CBL1-NES-GFP-SAD1SP 
(CBL1-NES-GFP-SAD1). The CBL1 domain was incorporated into the overhang of 
oFD97 and added to pFD39 using Gibson assembly creating pFD30. pFD30 was checked 
by restriction digest and sequencing. The plasmid pFD30 was transformed into the A. 
tumefaciens strain GV3101 pMP90RK by electroporation. Transformed strains were used 
to infiltrate 3 week old N. benthamiana plants. The localization of CBL1-NES-GFP-SAD1 
was analysed by fluorescence microscopy and compared to the localization of mCHERRY. 
 
 
Fig. 22: Addition of CBL1 to NES-GFP-SAD1SP abolished localization to the nucleus. 
(A) Epidermal pavement cells of N. benthamiana infiltrated with GV3101 + P35S:CBL1-
NES-GFP-SAD1SP/P35 S:mCHERRY. Infiltrated cells were indentified by the presence of  
mCHERRY. mCHERRY localized in the cytoplasm and nucleus of infiltrated cells, while 
CBL1-NES-GFP-SAD1 specifically localized to the cytoplasm of the cell.  Bars = 50 µm. (B)  
Quantification of fluorescence ratio [ nucleus:cytoplasm] of N. benthamiana cells infiltrated 
with either GV3101 + P3 5S:CBL1-NES-GFP-SAD1SP/P35S :mCHERRY or GV3101 + GFP-
SAD1SP. mCHERRY localized in the nucleus and the cytoplasm with a ratio of 4 : 1; GFP-
SAD1 localized to the nucleus and the cytoplasm with a ratio of 11 : 1; CBL1 -NES-GFP-
SAD1 localized to the cytoplasm and produced a nucleus:cytoplasm ratio of 0.65 : 1.Values 
are the mean ratio of two infiltration experiments with each 10 -15 cells measured. Means 
were tested for statistical difference using ANOVA and Tukey test. Significantly different 
groups are labeled with different letters. Box plots were generated using „R“.  
 
Fluorescence microscopy of 3 week old N. benthamiana leaves infiltrated with GV3101 + 
pFD30 or GV3101 + pHG44 showed differences in localization of GFP-SAD1 and CBL1-
NES-GFP-SAD1 and mCHERRY. Successful transformation of an epidermal N. 
benthamiana cell was confirmed by the presence of mCHERRY. In transformed cells, 
mCHERRY localized in the cytoplasm and the nucleus (Fig. 22A). The same cell 
expressed CBL1-NES-GFP-SAD1, which localized to the cytoplasm or at the plasma 
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membrane and was not visible in the nucleus (Fig. 22A). We compared the 
nucleus:cytoplasm fluorescence intensity ratio of CBL1-NES-GFP-SAD1 and GFP-SAD1 
(Fig. 22B). The experiment was repeated twice and for each infiltration we counted 10-15 
cells per construct. Measurements were performed as shown in Fig. 21. mCHERRY 
localized in the nucleus and the cytoplasm with a ratio of  4 : 1; GFP-SAD1 localized to 
the nucleus and the cytoplasm with a ratio of 11 : 1; CBL1-NES-GFP-SAD1 localized only 
to the cytoplasm and produced a nucleus:cytoplasm ratio of 0.65 : 1. All constructs 
produced statistically different fluorescence ratios (p-value < 0.05, ANOVA and Tukey 
test). This showed that CBL1-NES-GFP-SAD1 was not able to enter the nucleus and could 
be used in future studies to analyse the consequences in functionality of GFP-SAD1 when 
it is not localized in the nucleus. 
 
3.3 SAD1 interactome studies 
Earlier studies show that SAD1 is able to interact with a wide range of plant originated 
proteins (Ghareeb et al. 2015). The total number of possible interaction partners is 154. 
These 154 interaction partners include proteins with various functions. It is very likely that 
these 154 interaction partners contain false positives or that not all of the interaction 
partners are essential for the function of SAD1. We aim to eliminate false positive 
interaction partners of SAD1 and identify those interactionpartners essential for function of 
SAD1. 
 
3.3.1 AD-SAD1 does not auto activate MEL1 the yeast two-hybrid 
reporter genes 
BD-SAD1SP (BD-SAD1) is able to auto activate MEL1 and AUR1-C in a yeast two 
hybrid screen, both genes are controlled by the M1 promoter (Ghareeb et al. 2015, 
Matchmaker® Gold Yeast Two-Hybrid System User Manual). This indicated that BD-
SAD1 had transcriptional activation activity. The GAL4 activation domain (AD) was fused 
to SAD1 inorder to check, if in addition to the transcription acitivation activity, SAD1 was 
also able to bind to the DNA sequence of the GAL4 promotor. The AD was fused to the N-
terminus of SAD1 using the vector pGADT7. The plasmid pGADT7 + AD-SAD1 was 
transformed into Y187, a compatible yeast strain for this vector, by LiAc transformation 
(AD-SAD1). Transformed cells were grown on SD –Leu + X--Gal plates to check for 
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auto activation of the MEL1 gene. Additionally, we plated Y187 + pGADT7 (empty vector 
control), Y2HGold + pGBKT7-p53 x Y187 + pGADT7-T (positive control) and Y2HGold 
+ pGBKT7-p53 x Y187 + pGADT7-Lam (negative control) on the same plate. Yeast cells 
were incubated at 30°C until clear growth of the positive control was visible.  
 
 
Fig. 23: The fusion protein AD-SAD1 is not able to auto activate the MEL1  reporter 
gene in the Yeast-two hybrid strain Y187. All yeast strains grew on medium lacking 
leucin and containing X--Gal, which indicated the presence of the pGADT7 plasmid . Yeast 
colonies that expressed MEL1  turned blue in the presence of X--Gal. Yeast cells that 
contained the empty vector (Top left) , mated strains that expressed proteins that were fused 
to the GAL4 binding domain (BD) or the activation domain (AD) , but did not interact (Top 
right), did not show blue colonies. Yeast expressing AD-SAD1 fusion protein did not show 
blue colonies, indicating that AD-SAD1 was not able to auto activate the transcription of 
the reporter gene MEL1 (Bottom left). Bar = 1 cm.  
 
All strains grew on SD –Leu + X--Gal plates. This indicated that every strain contained 
pGADT7. Only the positive control produced blue colored colonies indicating the 
expression of the secreted -galactosidase MEL1 that broke down X--Gal leading to blue 
color. Y187 + pGADT7-AD-SAD1 did not produce blue colonies (Fig. 23). This showed 
that AD-SAD1 did not bind to the M1 promoter and did not auto activate MEL1 
transcription. 
 
3.3.2 SAD1 domains 1, 5, 6 and 9 are not relevant for increasing the 
number of ears per plant in infected maize plants 
Earlier studies showed that SAD1 was able to interact with 154 plant originated proteins 
(Ghareeb 2011; Ghareeb et al. 2015). We mapped SAD1 domains that are obligate for 
interaction with these proteins by creating truncated versions of SAD1 (Drechsler 2012). 
Truncations were 12 amino acids in size and covered the entire length of SAD1. Truncated 
versions of SAD1 still contained the N-terminal signal peptide. We used these truncated 
versions of SAD1 and introduced them into S. reilianum strains lacking SAD1. 
Empty Vector Negative control AD-SAD1Positive control
SD – Leu + X--Gal
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S. reilianum strains expressing truncated SAD1 versions, were tested for their ability to 
increase the number of ears per plant by infection of maize. Plasmids containing a left and 
right border (1000 bp) of the native SAD1 locus and a truncated version of SAD1 in 
between these borders, were constructed in the master thesis Drechsler 2012. We amplified 
the construct “left border-SAD1truncated-right border” by PCR and used the PCR product to 
transform protoplast of HG99 and HG95 (SAD1). The construct was integrated by 
homologous recombination at the native locus of SAD1 (SAD1 + SAD1truncated). 
Transformed strains were tested for presence and genomic localization of the construct by 
PCR and southern blot. Three independent strains of the same construct were used to infect 
7 day old seedling of maize by syringe infection of the third or fourth leaf. Per strain, 25 
plants were infected. We used water (Mock), 5-1 x 5-2 (WT) and HG99 x HG95 (SAD1) 
as controls. Plants grew in a greenhouse for 8 weeks post infection. Plants were dissected 
and the virulence and number of ears per plant were evaluated according to (Ghareeb 2011, 
Ghareeb et al. 2015).  
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Fig. 24: Truncated versions 1, 5, 6 and 9 of SAD1 are able to complement the SAD1 
deletion when expressed by SAD1 + SAD1 t r uncat e d.  (A)  Diagram showing the disease 
incidences in% of 9 week old maize plants inoculated after 1 week with Mock (Water) or 
infected with S. reilianum  strains WT, SAD1 or SAD1 + SAD1
t r unc a te d1- 13
. Plants infected 
with S. reilianum  produced spores in ears and tassel regardless of the strain used for 
infection. (B)  Disease index relative to WT of plants from (A). S. reilianum  infection of 
maize plants produced a disease index similar to WT infected plants with all strains used in 
(A). (C)  Diagram shows the number of ears per plant from infected plants from (A). Only 
Truncations 1, 5, 6 and 9 of SAD1 were able to complement the SAD1  deletion when 
expressed in the SAD1 background. Plants infected with other S. reilianum strains 
produced the same number of ears as Mock inoculated plants.  Significant difference was 
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tested by ANOVA and Tukey test with p -value < 0.05. Groups that show significant 
differences are marked with different letters above the boxes.  
 
Plants infected with S. reilianum strains differed significantly from uninfected plants. 
Infected plants showed stunted growth (Fig. 5). Plants infected with S. reilianum 
additionally formed leafy structures and spores that substituted normal inflorescences of 
the infected maize plants, this was not the case for uninfected plants (Fig. 1). Strains 
harboring a SAD1 deletion and S. reilianum strains expressing SAD1truncated were still able 
to produce leafy and spore filled ears. The amount of plants showing spore filled ears 
ranged from 40-75% for S. reilianum strains expressing SAD1truncated (Fig. 24A). The 
overall virulence of a S. reilianum strain was calculated using the virulence index (Fig 24B; 
H. Ghareeb, Y. Zhao and J. Schirawski submitted). The virulence index was calculated 
relative to WT S. reilianum strains, which was set to 10. Mock plants produced a 
significantly lower disease index than WT infected plants (ANOVA and Tukey test p-value 
< 0.05). SAD1 infected plants did not show any difference to WT infected plants 
(ANOVA and Tukey test p-value > 0.05). Finally, S. reilianum strains expressing 
SAD1truncated showed no significant difference in their ability to produce spores and leafy 
structures to WT infected plants (ANOVA and Tukey test p-value > 0.05). This indicated 
that the deletion of SAD1 or the complementation of the SAD1 deletion by SAD1truncated 
did not affect the virulence when compared to WT. Furthermore, we analysed the number 
of ears per plant. WT infected plants produced significantly higher amount of ears 
(ANOVA and Tukey test p-value < 0.05) compared to Mock inoculated or SAD1 infected 
plants (Fig. 24C). SAD1truncated produced two different groups concerning the produced 
number of ears per plant. The first group contained truncations 2, 3, 4, 7, 8, 10, 11, 12 and 
13. These truncations were not able to significantly increase the number of ears per plant 
compared to Mock or SAD1 infected plants (Fig. 24C; ANOVA and Tukey test p-value > 
0.05). However, the number of ears per plant were slightly elevated compared to the two 
negative controls. The second group contained truncations 1, 5, 6 and 9. These four 
truncations were able to complement the deletion of SAD1 and significantly increased the 
number of ears per plant (ANOVA and Tukey test p-value < 0.05) compared to Mock and 
SAD1 infected plants, while there was no difference compared to WT infected plants (Fig. 
24C grey boxes). Infection studies of S. reilianum strains expressing SAD1truncated revealed 
that domains 1, 5, 6 and 9 were not essential for the function of SAD1, which is to trigger 
the production of more ears per plant. We conclude that interaction partners that are able to 
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interact with these four SAD1 domains were not relevant for function and could be 
discarded for functional analysis of SAD1.  
 
3.3.3 False positive interaction partners of SAD1 can be detected with 
the 3-Amino-1.2.4-triazole 
To investigate potential interaction partners of SAD1, a yeast two-hybrid assay was 
performed (Ghareeb et al. 2015). The yeast two-hybrid system used 4 reporter genes 
(Matchmaker® Gold Yeast Two-Hybrid System User Manual) to detect potential 
interaction partners. These reporter genes were TRP1, LEU2, ADE2 and HIS3. HIS3 is 
known to have leaky expression (Criekinge and Beyaert 1999), which allowed the 
occurrence of false positives. To compensate for the leaky expression of HIS3, yeast cells 
were grown for selection on QDO plates supplemented with 25 µM 3-Amino-1.2.4-triazole 
(3-AT). 3-AT is a competitive inhibitor of HIS3 (Van Criekinge & Beyaert 1999).  
Y2HGold + pGBKT7-SAD1SP was grown in SD-Trp and Y187 + pGADT7-Prey1-154 was 
grown in SD-Leu medium. Strains were mated in 96-well plates in 2 x YPDA. Mated 
strains were plated onto selection plates SD -Leu -Trp (DDO), SD -Leu -Trp -Ade -His 
(QDO), QDO + 25 µM 3-AT and YPDA plates. Additionally to the strains described above, 
control strains Y2HGold + pGBKT7-p53 x Y187 + pGADT7-T (positive control) and 
Y2HGold + pGBKT7-p53 x Y187 + pGADT7-lam were streaked out on all plates. Plates 
were incubated at 30°C until growth of the positive control was clearly visible. The 
experiment was carried out in triplicates and repeated twice. Colonies were counted as “1” 
if visible and “0” if not visible. The mean value was calculated relative to the positive 
control (Fig. 25A right side).  
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Fig. 25: Growth test of yeast strains Y2HGOLD + pGBKT7-SAD1SP  mated with Y187 
+ pGADT7-Prey1- 154 on QDO + 25 µM 3-AT medium. (A)  Growth of Y2HGOLD + 
pGBKT7-SAD1SP  mated with Y187 + pGADT7-Prey1- 154  on QDO + 25 µM 3-AT (Top and 
middle left panel) next to heat map showing mean growth relative to the positive control 
(Y2HGOLD + pGBKT7-p53  mated with Y187 + pGADT7-T)(Top and middle right panel) 
where 1 means formation of colonies in all replicates and 0 no formation of colonies in any 
replicates. Bottom left panel shows equal growth of all colonies on YPDA. (B)  Diagram 
showing mean growth relative to the positive control of all experiments. 135 possible 
interaction partners lead to growth at least once and 65 lead to growth in more than half 
(red line) of the replicates of all experiments.  19 interaction  partners did not lead to any 
growth in any replicate of the experiments. The growth test was performed in two individual 
experiments with 3 replicates per experiment. Pictures of plates and experimental 
procedures were taken and carried out by Patrick Sch illberg.  
 
Growth of mated strains was identical on YPDA (Fig. 25 bottom left panel), SD -Leu -Trp 
and QDO plates. On QDO + 25 µM 3-AT growth differed from the other plates. While the 
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positive control was able to grow on all plates equally well, mated strains Y2HGold + 
pGBKT7-SAD1SP x Y187 + pGADT7-Prey 1-154 showed variable growth on QDO + 25 
µM 3-AT (Fig. 25A Top left and middle left panel). This indicates the presence of false 
positives among the 154 potential interaction partners of SAD1. Growth of the mated 
strains Y2HGold + pGBKT7-SAD1SP x Y187 + pGADT7-Prey1-154 differed in between 
experiments and even replicates as well. The occurrence of colonies was counted relative 
to the positive control and blotted in heat maps (Fig. 25A top right and middle right panel). 
A value of 1 indicates the presence of colonies in 6 out of 6 QDO + 25 µM 3-AT plates, 
while 0 indicates no growth on those plates at all. Heat maps show random pattern of 
growing colonies on the two different plates, which indicated that there was no bias from 
the transfer method with the 96 prong replicator. In total, 135 interaction partners grew at 
least once and 65 grew on more than half the plates (Fig. 25B). The 70 interaction partners 
that grew on less than half the plates could harbor potential false positives and growth on 
their spots could be contamination from colonies growing next to them. Additionally, the 
missing growth on some spots could have been the result from errors occurring while 
replicating the plates. The incoherent growth of the same construct on different plates 
could also be explained due to the concentration of 25 µM 3-AT being not high enough 
and a more stringent test using a higher 3-AT concentration would possible produce more 
constant results. Those interaction partners could not be discarded but needed to be 
analysed further. 19 interaction partners did not lead to any growth in any of the replicates, 
which indicated that they are false positives. These false positives were be discarded from 
the list of potential interactors of SAD1. 
 
3.3.4 3-AT growth test and truncated versions of SAD1 lead to the 
identification of functional relevant interaction partners of SAD1 
A yeast two-hybrid assay was used to identify interaction partners of SAD1 from infected 
maize plants (Ghareeb 2011, Ghareeb et al. 2015). In this study we filtered for functional 
relevant interaction partners by using truncated versions of SAD1 (Fig. 24). In addition to 
this assay, we eliminated false positive interaction partners by growth experiments on 3-
AT containing selection medium (Fig. 25). 
 
Table 8: Number of interaction partners interacting with functional truncated SAD1 versions 1, 
5, 6 and 9. 
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Total Interactions 
partners 
Interaction partners interacting 
with truncations 1.5.6.9 
Total interaction partners not 
interacting with truncations 1.5.6.9 
154 43 111 
 
We could identify 43 interaction partners that were able to interact with the domains 
deleted in truncation 1, 5, 6 and 9. These truncations are still fully functional. Fully 
functional truncations harbor deletions of domains that are not relevant for the function of 
SAD1. Thus, interaction partners interacting with these domains are not relevant for 
function. 
 
Table 9: Number of SAD1 interaction partners that were able to grow on 25 µM 3-AT and 
number of SAD1 interaction partners that were able to grow on 25 µM 3-AT more than 50% of 
the times tested. 
Total Interactions 
partners 
Total interaction partners 
growing on 25 µM 3-AT 
Total interaction partners growing more 
than 50% on 25 µM 3-AT 
154 135 65 
 
Of the 154 potential interaction partners, 19 did not grow on any plates supplemented with 
25 µM 3-AT (Table 9). 89 potential interaction partners did not grow on more than 50% of 
the plates supplemented with 25 µM 3-AT. 65 tested interaction partner grew reproducibly 
on selection plates supplemented with 25 µM 3-AT.  
 
Table 10: Number of interaction partners interacting with functional relevant domains of SAD1 
and growing on QDO plates supplemented with 25 µM 3-AT. 
Total 
Interactions 
partners 
Total interaction partners not 
interacting with truncations 1.5.6.9 
and growing on 25mM 3-AT 
Total interaction partners not 
interacting with truncations 1.5.6.9 
and growing more than 50% 
on 25mM 3-AT 
154 94 44 
 
After the combination of both assays, 94 functional relevant interaction partners that grew 
on QDO plates supplemented with 25 µM 3-AT and 44 functional relevant interaction 
partners that grew reproducibly on more than 50% of the tested plates were left (Table 10). 
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Out of those 44, 17 interaction partners were picked for further analysis due to their perfect 
growth behavior on the QDO 3-AT plates and/or known connections to apical domiance. 
 
3.3.5 RGLG2 and a protein with unknown function are the strongest 
SAD1 interactors 
We could identify 17 plant originated, functional relevant interaction partners of SAD1 
that grew on 3-AT supplemented plates reproducibly and had known connections to the 
regulation of apical dominance. To quantify the strength of the interaction between the 17 
interaction partners and SAD1, we performed a LacZ assay. Strains Y2HGold + pGBKT7-
SAD1SP and Y187 + pGADT7-Prey1-17 were mated and grown on DDO medium. Mated 
cells were lysed by multiple freeze-thaw cycles using liquid nitrogen. Cell extracts were 
mixed with 4 mg / ml ONPG (w/v). ONPG can be cleaved to β-D-Galactose and o-
nitrophenol by the β-galactosidase encoded in the reporter gene LACZ. O-Nitrophenol is of 
yellow color and can be quantified by measuring the absorption at 420 nm. Measured 
absorption can be used to calculate Miller units. Calculated Miller units were normalized 
relative to Miller units produced by the positive control. 
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Fig. 26: Miller units relative to positive control produced by 17 strongest interaction 
partners of the 3-AT assay. Interaction partners that showed strongest interaction after the 
3-AT assay were tested against the positive control („+“; Y2HGold + pGBKT7 -p53  x Y187 
+ pGADT7-T) and the negative control („ -“; Y2HGold + pGBKT7-p53  x Y187 + pGADT7-
lam). Values are means that were normalized relative to the positive control . Means were 
calculated from 4 experiments with tripli cates for each experiment.  Significant difference 
was tested by ANOVA and Tukey test with p -value < 0.05. Groups that show significant 
differences are marked with different letters above the boxes.  
 
Quantification of interaction strength revealed three groups. The first group consisted of 
the positive control (+). The positive control showed the strongest interaction of all tested 
interaction partners. The second group consisted of the negative control and 15 interaction 
partners. These 15 interaction partners did not differ significantly (ANOVA and Tukey test, 
p-value < 0.05) from the negative control. Either these interaction partners did not interact 
with SAD1, or the LacZ assay was not sensitive enough to detect the interaction. The latter 
is more likely, since those 15 interaction partners showed strong interaction in the 3-AT 
assay (Fig. 25). The last group contained two interaction partners, RGLG2 and an 
uncharacterized protein (interaction plate coordinates 2A8). These interaction partners 
showed significant difference (ANOVA and Tukey test, p-value < 0.05) to the negative 
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control (-) and the positive control (+) (Fig. 26). The two interaction partners of the last 
group showed the strongest interaction of the 17 tested interaction partners making them 
good targets for further investigation, since a strong interaction might indicate that these 
interactions are relevant for the function of SAD1. 
 
3.4 Analysis of SAD1 induced changes in the transcriptome of 
infected maize ears 
To study gene expression changes induced by SAD1, RNA was isolated from infected 
maize ears and subsequently sequenced. We infected 7 day old Gaspe Flint seedlings with 
S. reilianum strains 5-1 x 5-2 (WT) or HG99 x HG95 (SAD1). Infected plants grew in a 
greenhouse for four weeks. Ears were collected for three replicates, each time from 15 
infected plants. The collected ears were of similar size (1-1.5 cm) and did not show any 
signs of infection (no spores or green leafy tissue). Ears were immediately frozen in liquid 
nitrogen and stored at -80°C. The frozen tissue was ground to a fine powder using mortar 
and pistil. To extract RNA we used peqGOLD Trifast (Peqlab). RNA was cleaned from 
DNA by performing a short DNaseI treatment. The treated RNA was purified using the 
NucleoSpin® RNA Clean-up kit (Macherey Nagel). RNA integrity was confirmed by 
agarose gel electrophoresis. Samples showing two bands of the 28S and 18S ribosomal 
RNAs with an approximate 2:1 intensity ratio were picked for further analysis. 
Concentration of RNA samples and purity was determined using the Nanovue (GE 
Healthcare). RNA (500 ng) with a ratio A260/A280 of around 2 were sent for sequencing 
to the transcriptome and genome analysis laboratory (TAL, Göttingen). 
 
3.4.1 RNA sequencing of infected ears detects reads that map to the 
maize and the S. reilianum genomes 
RNA samples were sequenced with the Hiseq2000 (Ilumina) producing a minimum of 60 
million 50-basepair single reads per sample. FastQC (version 0.11.4, Babraham 
Bioinformatics) analysis indicated the existence of high quality, but also overrepresented 
reads. Overrepresented reads originated from mitochondrial RNA and partially from 
ribosomal RNA. Overrepresented reads could originate from over sequencing since 60 
million reads per sample lead to a very high sequencing depth. Reads were further 
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analysed with the CLC genomics workbench V7 software (Qiagen), in default settings. 
Reads were trimmed and mapped to the B73 maize Refgen V3 and S. reilianum genome 
(Table 11, Table 12; http://www.maizegdb.org/assembly, Schirawski et al. 2010). 
 
Table 11: Mapping statistics of reads mapped to B73 maize Refgen V3.  
  Trimmed reads Mapped reads  Total% Mapped to exon Mapped% 
WT#1 90080139 58730567 65.2 37207148 63.35 
WT#2 82124926 46363826 56.46 19120065 41.24 
WT#3 81440319 53005477 65.09 38085199 71.85 
SAD1#1 76059910 47742201 62.77 29892069 62.61 
SAD1#2 75623060 47358993 62.63 28888365 61 
SAD1#3 66619403 40019237 60.07 24463851 61.13 
 
Around 55-65% of the trimmed reads mapped to the B73 maize Refgen V3 (Table 11, very 
good mapping 70-90%). Between 40-70% of the mapped reads were mapped to exons. The 
exception was sample WT#2, with only 41% of the mapped reads mapping to exons. The 
high amount of reads that mapped to introns or outside of genes, revealed that the B73 
genome differed from the Gaspe Flint genome. De novo assembly of the reads that mapped 
to introns, or to intergenic regions, will give more information about the differences 
between the B73 and Gaspe Flint genome, but this will be part of another study.  
 
Table 12: Mapping statistics of reads mapped to S. reilianum genome V2 
(http://pedant.helmholtz-muenchen.de, Schirawski et al. 2010). 
  Trimmed reads Mapped reads  Mapped% 
WT#1 90.080.139 351.891 0.39 
WT#2 82.124.926 205.734 0.25 
WT#3 81.440.319 520.974 0.64 
SAD1#1 76.059.910 272.953 0.36 
SAD1#2 75.623.060 250.362 0.33 
SAD1#3 66.619.403 208.007 0.31 
 
Between 0.2 and 0.7% of the trimmed reads mapped to the S. reilianum genome V2 
(http://pedant.helmholtz-muenchen.de, Table 12). The amount of reads that mapped to 
S. reilianum was lower than the amount of reads that mapped to the maize genome. This 
discrepancy resulted from the amount of RNA of both organisms that was present in the 
isolated total RNA. There are two reasons why the amount of RNA from S. reilianum 
could be lower compared to maize RNA. (1) In infected maize ears, the amount of 
Results 
118 
 
S. reilianum cells is not very high compared to maize cells, especially in the early stages of 
ear colonization when neither spores or phyllody were visible. (2) Some collected ears 
were not infected. Collection of uninfected ears can not be excluded but was unlikely. Ears 
were collected from plants with stunted growth and no silk production. Earlier experiments 
using those samples for microscopy verified the presence of fungal hyphae in these ears in 
nearly 100% of the cases. However, due to the low amount of reads that mapped to the 
S. reilianum genome, over interpretation of the expression data obtained should be avoided, 
which was especially true for weakly expressed genes. 
To determine the total genes detected in our experiment we filtered genes that have a mean 
of > 5 reads in all samples taken as described in Tarazona et al. 2011 (Table 13). 
 
Table 13: Total number of genes of Z. mays and S. reilianum and percentage of genes that have 
mean reads of all samples > 5. 
  Genome size Genes % Genes with reads mapped > 5 
Z. mays 2.059.943.587 39305 73 
S. reilianum 18.476.874 6.673 67 
 
We were able to detect 73% of maize genes and 67% of S. reilianum genes (Table 13). The 
missing percent included organ specific genes for maize and very weakly expressed genes 
that could not be detected with the amount of mapped genes for S. reilianum. 
 
3.4.2 Differential gene expression in maize and S. reilianum 
Mapped reads were used to identify deregulated genes in between samples from WT 
infected ears compared to SAD1 infected ears. To identify deregulated genes the R 
software (Bioconductor) with the package edgeR (release 3.2) was used. Genes were 
filtered for an FDR < 0.05 and log2-fold change (log2FC) < -1 or > 1. General statistics can 
be seen in tables 14 and 15. 
 
Table 14: List of deregulated S. reilianum genes between WT and SAD1-infected maize ears. 
 
log
2
FC logCPM FDR 
sr10077 (SAD1) 7.199604 5.363297 0.000182 
 
Only one gene was was significantly deregulated (FDR < 0.05) when analyzing the total 
read counts of reads mapped to the S. reilianum genome. This gene was SAD1 (Table 14). 
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SAD1 is up-regulated by log2FC of 7 in WT compared to SAD1 S. reilianum infected ears. 
Other genes showed log2FC < -1 or > 1 but the FDR was higher than 0.05. Thus, deletion 
of SAD1 (0 read counts for SAD1 samples) was confirmed by RNA sequencing (Table 
14). The EdgeR package uses the “exacttest” function to calculate log2FC, in this function 
a count of 0.125 is added to all counts to shrink the log2FC with the function “prior.count”, 
which enables the calculation of log2FC of genes with 0 counts in one of the tested groups. 
Additionally, deletion of SAD1 did not induce changes in expression of other fungal genes. 
It is possible that changes in the gene expression of the fungus were not detected due to an 
insufficient amount of fungal RNA.  
 
Table 15: Number of deregulated maize genes between WT and SAD1-infected maize ears. 
Total genes FDR < 0.05 Log2FC > 1 Log2FC < 1 
39305 363 222 115 
 
The number of deregulated genes from maize was higher compared to S. reilianum genes. 
In total we found 363 genes that showed an FDR < 0.05 (Table 15). 222 of these 
significantly deregulated genes were up-regulated in maize ears infected with WT 
S. reilianum compared to SAD1 (Table 15, Table 16, log2FC > 1). 115 genes were down-
regulated (Table 15, Table 17, log2FC < -1). 26 genes did not show a log2FC > 1 or < -1. 
This indicated that the deletion of SAD1 had a far greater effect on the expression of maize 
genes than on the expression of S. reilianum genes. 
 
Table 16: List of genes up-regulated in the comparison WT vs SAD1-infected maize ears sorted 
by functional mapman annotations. 
ID/Gene name Log2FC Mapman Annotation 
GRMZM2G079805 1 
'lipid metabolism.Phospholipid 
synthesis.cyclopropane-fatty-acyl-
phospholipid synthase' 
 
GRMZM2G036861 1.145 
'amino acid metabolism.synthesis.aromatic 
aa.chorismate.chorismate synthase' 
hypothetical protein 
LOC100272984  
GRMZM2G106950 1.7 
'amino acid metabolism.synthesis.aromatic 
aa.tryptophan.indole-3-glycerol phosphate 
synthase' 
hypothetical protein 
LOC100382674  
GRMZM2G124963 1.635 
'amino acid metabolism.synthesis.central 
amino acid metabolism.alanine.alanine 
aminotransferase' 
hypothetical protein 
LOC100279149  
GRMZM2G177242 1.67 'cell wall.cell wall proteins.AGPs.AGP' 
fasciclin-like arabinogalactan 
protein 7  
GRMZM2G003165 1.955 'cell wall.cell wall proteins.AGPs.AGP' 
hypothetical protein 
LOC100274054  
Results 
120 
 
ID/Gene name Log2FC Mapman Annotation 
GRMZM2G341410 1.521 'cell wall.cell wall proteins.LRR' 
 
GRMZM2G104616 1.812 
'cell wall.cell wall proteins.proline rich 
proteins' 
proline-rich protein  
GRMZM2G114356 2.478 
'cell wall.cell wall proteins.proline rich 
proteins' 
proline-rich protein  
GRMZM2G482256 1.39 
'cell wall.degradation.cellulases and beta -1.4-
glucanases' 
hypothetical protein 
LOC100384439  
AC234091.1_FG001 2.882 
'cell wall.degradation.mannan-xylose-
arabinose-fucose'  
GRMZM2G174708 1.782 
'cell wall.degradation.pectate lyases and 
polygalacturonases' 
polygalacturonase inhibitor 1  
AC210013.4_FG017 2.168 
'cell wall.degradation.pectate lyases and 
polygalacturonases'  
GRMZM2G339122 1.172 'cell wall.modification' alpha expansin1  
GRMZM2G119783 1.716 'cell wall.modification' 
xyloglucan endo-
transglycosylase/hydrolase  
GRMZM2G094990 1.696 'cell wall.modification' 
beta-expansin 1a 
(LOC100284795), mRNA 
GRMZM2G176595 1.809 'cell wall.modification' LOC542566  
GRMZM2G154178 1.904 'cell wall.modification' beta-expansin 4  
GRMZM2G063566 2.103 'cell wall.modification' 
hypothetical protein 
LOC100217032  
GRMZM2G082520 2.245 'cell wall.modification' beta-expansin 1a  
GRMZM2G165357 1.023 'cell wall.precursor synthesis.UXS' 
hypothetical protein 
LOC100193447  
GRMZM2G051338 2.787 'development.unspecified' LOC100127524  
GRMZM2G129879 1.291 'development.unspecified' 
hypothetical protein 
LOC100275491  
GRMZM2G111926 1.374 'development.unspecified' 
Cytochrome c 
oxidoreductase  
GRMZM2G022181 1.377 'development.unspecified' 
 
GRMZM2G000812 1.394 'development.unspecified' 
hypothetical protein 
LOC100382256  
GRMZM2G163798 1.542 'development.unspecified' 
hypothetical protein 
LOC100272328  
GRMZM2G110504 1.611 'development.unspecified' 
hypothetical protein 
LOC100303825  
GRMZM2G092968 1.647 'development.unspecified' meiosis 5  
GRMZM2G125441 1.876 'development.unspecified' meiosis 5  
GRMZM2G106462 1.909 'development.unspecified' 
Cytochrome c 
oxidoreductase  
GRMZM2G164062 1.926 'DNA.repair' LOC100282754  
GRMZM2G168744 1.264 'DNA.synthesis/chromatin structure' 
hypothetical protein 
LOC100273742  
GRMZM2G147390 1.67 'DNA.synthesis/chromatin structure' 
hypothetical protein 
LOC100277048  
GRMZM2G169458 1.247 'fermentation.aldehyde dehydrogenase' LOC100280692  
GRMZM2G114153 1.859 
'hormone metabolism.ABA.induced-
regulated-responsive-activated' 
FIP1  
AC148152.3_FG005 1.566 
'hormone metabolism.ethylene.synthesis-
degradation'  
GRMZM2G166639 1.969 
'hormone metabolism.ethylene.synthesis-
degradation' 
hypothetical protein 
LOC100273458  
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GRMZM2G313011 2.417 
'lipid metabolism.''exotics'' (steroids, squalene 
etc)' 
hypothetical protein 
LOC100280104 
(LOC100280104), mRNA 
GRMZM2G073540 2.405 
'lipid metabolism.FA synthesis and FA 
elongation.ACP desaturase' 
acyl-desaturase  
GRMZM2G122324 2.142 
'lipid metabolism.FA synthesis and FA 
elongation.ACP protein' 
acyl carrier protein 2  
GRMZM2G164974 1.488 
'lipid metabolism.FA synthesis and FA 
elongation.beta ketoacyl CoA synthase' 
hypothetical protein 
LOC100191595  
GRMZM2G032095 1.609 
'lipid metabolism.FA synthesis and FA 
elongation.beta ketoacyl CoA synthase' 
hypothetical protein 
LOC100191907  
GRMZM2G036217 1.548 
'lipid metabolism.lipid degradation.beta-
oxidation.acyl CoA reductase' 
hypothetical protein 
LOC100272790  
GRMZM2G120938 1.243 
'lipid metabolism.lipid degradation.beta-
oxidation.acyl CoA reductase' 
male sterility protein 2  
GRMZM2G140811 1.085 
'lipid metabolism.lipid 
degradation.lysophospholipases.phospholipase 
D' 
hypothetical protein 
LOC100217111  
GRMZM2G101958 1.27 'lipid metabolism.lipid transfer proteins etc' 
Non-specific lipid-transfer 
protein Precursor 
GRMZM2G010868 1.474 'lipid metabolism.lipid transfer proteins etc' phospholipid transfer protein  
GRMZM2G085086 1.054 'metal handling.binding, chelation and storage' farnesylated protein 1  
GRMZM2G109071 1.529 'misc.acid and other phosphatases' 
hypothetical protein 
LOC100279214  
GRMZM2G141584 2.179 'misc.acid and other phosphatases' 
tartrate-resistant acid 
phosphatase type 5  
GRMZM5G805609 1.381 'misc.beta 1.3 glucan hydrolases' 
glucan endo-1.3-beta-
glucosidase 7  
GRMZM2G041961 2.532 'misc.beta 1.3 glucan hydrolases' lichenase-2  
GRMZM2G140915 1.53 'misc.cytochrome P450' flavonoid 3-monooxygenase  
GRMZM2G062946 1.558 'misc.cytochrome P450' 
hypothetical protein 
LOC100273577  
GRMZM2G084407 2.211 'misc.cytochrome P450' 
Cytochrome P450 
CYP709H1  
GRMZM2G384780 1.291 'misc.GDSL-motif lipase' 
LOC100280037 (TIDP2840), 
mRNA 
GRMZM2G158205 1.466 'misc.GDSL-motif lipase' 
hypothetical protein 
LOC100216840  
GRMZM2G052562 1.681 'misc.GDSL-motif lipase' Zea nodulation homolog1  
GRMZM2G045215 1.75 'misc.GDSL-motif lipase' 
anther-specific proline-rich 
protein APG  
GRMZM2G060866 1.783 'misc.GDSL-motif lipase' 
anther-specific proline-rich 
protein APG  
GRMZM2G088919 1.817 'misc.GDSL-motif lipase' 
anther-specific proline-rich 
protein APG  
GRMZM2G478414 2.045 'misc.GDSL-motif lipase' 
anther-specific proline-rich 
protein APG  
GRMZM2G141762 2.23 'misc.GDSL-motif lipase' 
 
GRMZM2G087462 2.53 'misc.GDSL-motif lipase' 
 
GRMZM2G008247 2.127 'misc.gluco-, galacto- and mannosidases' beta-D-glucosidase precursor  
GRMZM2G076946 2.106 'misc.gluco-, galacto- and mannosidases' 
dhurrinase-like B-
glucosidase  
GRMZM2G077015 2.648 'misc.gluco-, galacto- and mannosidases' 
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GRMZM2G060271 1.689 'misc.myrosinases-lectin-jacalin' 
 
GRMZM2G150248 1.141 'misc.oxidases-copper, flavone etc.' 
hypothetical protein 
LOC100384102  
GRMZM2G085967 1.235 'misc.peroxidases' peroxidase 39  
GRMZM2G150893 1.246 'misc.peroxidases' 
hypothetical protein 
LOC100216995  
GRMZM2G089982 1.398 'misc.peroxidases' peroxidase 72  
GRMZM2G394500 1.436 'misc.peroxidases' 
hypothetical protein 
LOC100217011  
GRMZM2G116846 1.471 'misc.peroxidases' 
hypothetical protein 
LOC100192603  
GRMZM2G095404 1.577 'misc.peroxidases' 
hypothetical protein 
LOC100191217  
GRMZM2G020523 1.616 'misc.peroxidases' 
hypothetical protein 
LOC100272496  
GRMZM2G427815 1.641 'misc.peroxidases' 
hypothetical protein 
LOC100383323  
GRMZM2G028219 1.75 'misc.peroxidases' 
 
GRMZM2G061230 1.963 'misc.peroxidases' 
hypothetical protein 
LOC100279575 
(LOC100279575), mRNA 
AC205413.4_FG001 2.182 'misc.peroxidases' 
 
GRMZM2G122853 2.403 'misc.peroxidases' 
hypothetical protein 
LOC100276245  
GRMZM2G053779 1.307 'misc.plastocyanin-like' Blue copper protein  
AC212835.3_FG002 2.194 'misc.plastocyanin-like' 
 
GRMZM2G046750 1.654 
'misc.protease inhibitor/seed storage/lipid 
transfer protein (LTP) family protein' 
lipid binding protein 
(LOC100281299), mRNA 
GRMZM2G004909 1.673 
'misc.protease inhibitor/seed storage/lipid 
transfer protein (LTP) family protein' 
nonspecific lipid-transfer 
protein  
GRMZM2G005991 2.406 
'misc.protease inhibitor/seed storage/lipid 
transfer protein (LTP) family protein'  
GRMZM2G009188 1.263 
'misc.short chain dehydrogenase/reductase 
(SDR)'  
GRMZM2G026470 1.207 
'nucleotide metabolism.phosphotransfer and 
pyrophosphatases.misc' 
hypothetical protein 
LOC100272302  
GRMZM2G310947 1.182 'protein.degradation.AAA type' 
cell Division Protein AAA 
ATPase family  
GRMZM2G128922 1.809 'protein.degradation.aspartate protease' 
Putative uncharacterized 
protein  
GRMZM2G367701 1.259 'protein.degradation.cysteine protease' xylem cysteine proteinase 2  
GRMZM2G097286 2.061 'protein.degradation.cysteine protease' thiol protease SEN102  
GRMZM2G049882 2.277 'protein.degradation.cysteine protease' 
 
GRMZM2G160447 2.722 'protein.degradation.cysteine protease' thiol protease SEN102  
GRMZM2G433767 1.254 'protein.degradation.serine protease' serine carboxypeptidase 1  
GRMZM2G327595 1.639 'protein.degradation.serine protease' LOC100281439  
GRMZM2G042253 1.186 'protein.folding' 
 
GRMZM2G084806 1.382 
'protein.postranslational 
modification.kinase.receptor like 
cytoplasmatic kinase I' 
ATP binding protein  
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GRMZM2G153945 1.041 
'protein.postranslational 
modification.kinase.receptor like 
cytoplasmatic kinase VIII' 
Putative uncharacterized 
protein  
GRMZM2G144101 1.18 'protein.targeting.mitochondria' 
hypothetical protein 
LOC100273253  
GRMZM2G043162 2.01 
'PS.lightreaction.other electron carrier 
(ox/red).ferredoxin' 
ferredoxin-1  
GRMZM2G161274 1.828 'RNA.processing.ribonucleases' 
hypothetical protein 
LOC100192110  
GRMZM2G005301 2.096 
'RNA.regulation of transcription.AP2/EREBP, 
APETALA2/Ethylene-responsive element 
binding protein family' 
 
GRMZM2G106591 1.719 
'RNA.regulation of transcription.AP2/EREBP, 
APETALA2/Ethylene-responsive element 
binding protein family' 
 
GRMZM2G019806 1.81 
'RNA.regulation of transcription.bHLH,Basic 
Helix-Loop-Helix family' 
hypothetical protein 
LOC100194106  
GRMZM2G073427 1.255 
'RNA.regulation of transcription.bZIP 
transcription factor family' 
hypothetical protein 
LOC100275351  
GRMZM2G155370 1.545 
'RNA.regulation of transcription.C2C2(Zn) 
CO-like, Constans-like zinc finger family' 
LOC100281423  
GRMZM2G042218 2.715 
'RNA.regulation of transcription.C2C2(Zn) 
DOF zinc finger family' 
hypothetical protein 
LOC100273698  
GRMZM2G115388 2.746 
'RNA.regulation of transcription.C2H2 zinc 
finger family' 
hypothetical protein 
LOC100277305  
GRMZM5G846506 1.501 
'RNA.regulation of transcription.G2-like 
transcription factor family, GARP' 
hypothetical protein 
LOC100383849  
GRMZM2G119999 1.557 
'RNA.regulation of 
transcription.HB,Homeobox transcription 
factor family' 
hypothetical protein 
LOC100273913  
GRMZM2G003514 1.223 
'RNA.regulation of transcription.MADS box 
transcription factor family' 
MADS box protein  
GRMZM2G000818 1.356 
'RNA.regulation of transcription.MYB 
domain transcription factor family' 
R2R3MYB-domain protein 
Fragment  
GRMZM2G003406 1.247 
'RNA.regulation of transcription.MYB 
domain transcription factor family' 
myb-related protein Hv33  
GRMZM2G127490 1.289 
'RNA.regulation of transcription.MYB 
domain transcription factor family' 
hypothetical protein 
LOC100193483  
GRMZM2G147698 1.858 
'RNA.regulation of transcription.MYB 
domain transcription factor family' 
hypothetical protein 
LOC100194090  
GRMZM2G150841 1.876 
'RNA.regulation of transcription.MYB 
domain transcription factor family' 
hypothetical protein 
LOC100193196  
GRMZM2G027697 1.479 
'RNA.regulation of transcription.MYB 
domain transcription factor family' 
R2R3MYB-domain protein 
Fragment  
GRMZM2G119693 1.613 
'RNA.regulation of transcription.MYB 
domain transcription factor family' 
hypothetical protein 
LOC100272675  
GRMZM2G175232 2.006 
'RNA.regulation of transcription.MYB 
domain transcription factor family' 
hypothetical protein 
LOC100382234  
GRMZM2G023557 2.01 
'RNA.regulation of transcription.MYB-related 
transcription factor family' 
hypothetical protein 
LOC100275986  
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GRMZM2G091201 3.624 
'RNA.regulation of transcription.MYB-related 
transcription factor family' 
DNA binding protein  
GRMZM2G069047 2.005 
'RNA.regulation of transcription.NAC domain 
transcription factor family' 
hypothetical protein 
LOC100272652  
GRMZM2G072518 1.863 
'RNA.regulation of transcription.putative 
transcription regulator' 
Putative uncharacterized 
protein  
GRMZM2G048161 1.355 'RNA.regulation of transcription.unclassified' 
 
GRMZM2G137352 1.72 'RNA.regulation of transcription.unclassified' LOC100285339  
GRMZM2G136578 1.859 'RNA.regulation of transcription.unclassified' 
 
GRMZM2G091233 2.428 'RNA.regulation of transcription.unclassified' 
hypothetical protein 
LOC100216576  
GRMZM2G402645 1.906 
'RNA.regulation of transcription.WRKY 
domain transcription factor family'  
GRMZM2G058024 4.52 
'secondary 
metabolism.flavonoids.anthocyanins'  
GRMZM2G152801 2.26 'secondary metabolism.flavonoids.flavonols' 
hypothetical protein 
LOC100272992  
GRMZM2G140996 1.122 'secondary metabolism.phenylpropanoids' O-methyltransferase ZRP4  
GRMZM2G179703 1.161 'secondary metabolism.phenylpropanoids' 
hypothetical protein 
LOC100191512  
GRMZM2G066142 1.54 'secondary metabolism.phenylpropanoids' 
agmatine 
coumaroyltransferase  
GRMZM2G066049 2.312 'secondary metabolism.phenylpropanoids' 
agmatine 
coumaroyltransferase  
GRMZM2G041866 3.992 'secondary metabolism.phenylpropanoids' LOC100283159  
GRMZM2G140545 1.199 'signalling.14-3-3 proteins' 14-3-3-like protein A  
GRMZM2G101116 1.978 'signalling.G-proteins' 
hypothetical protein 
LOC100217274  
GRMZM2G181536 2.686 'signalling.G-proteins' 
 
GRMZM2G087625 2.409 'signalling.receptor kinases.DUF 26' 
 
GRMZM2G060522 1.325 
'signalling.receptor kinases.leucine rich repeat 
II'  
GRMZM2G429714 1.141 'signalling.receptor kinases.misc' 
hypothetical protein 
LOC100384608 
(LOC100384608), mRNA 
GRMZM2G477325 1.494 'stress.abiotic.cold' hydrophobic protein LTI6A  
GRMZM2G144155 1.096 'stress.abiotic.drought/salt' ankyrin protein kinase-like  
GRMZM2G138937 1.919 'stress.abiotic.drought/salt' 
 
GRMZM2G007151 2.551 'stress.abiotic.drought/salt' 
hypothetical protein 
LOC100273295  
GRMZM2G413897 1.963 'stress.abiotic.heat' 
16.9 kDa class I heat shock 
protein 2  
GRMZM2G102356 1.333 'stress.abiotic.unspecified' Bet v I allergen  
GRMZM2G064096 1.244 'stress.abiotic.unspecified' 
hypothetical protein 
LOC100272933  
GRMZM2G453805 1.337 'stress.biotic' chitinase chem5  
GRMZM2G005633 1.261 'stress.biotic' 
Endochitinase B Precursor; 
Fragment (EC 3.2.1.14)(Seed 
chitinase B) 
GRMZM2G406119 1.289 'stress.biotic' 
hypothetical protein 
LOC100216955  
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GRMZM2G015933 1.325 'stress.biotic' 
BRASSINOSTEROID 
INSENSITIVE 1-associated 
receptor kinase 1  
GRMZM2G036826 1.367 'stress.biotic' 
 
GRMZM2G433184 1.625 'stress.biotic' 
disease resistance response 
protein 206  
AC205274.3_FG001 1.889 'stress.biotic' 
 
GRMZM2G427073 1.893 'stress.biotic.PR-proteins' 
 
GRMZM2G122618 1.068 'transport' 
hypothetical protein 
LOC100192570  
GRMZM2G068714 1.397 'transport' 
hypothetical protein 
LOC100383574  
GRMZM2G104542 1.191 'transport.peptides and oligopeptides' 
hypothetical protein 
LOC100191680  
GRMZM2G122251 1.36 'transport.peptides and oligopeptides' 
hypothetical protein 
LOC100191455  
GRMZM2G089493 1.687 'transport.sugars' 
hypothetical protein 
LOC100191708  
GRMZM2G418343 1.95 'transport.sugars' 
Putative uncharacterized 
protein  
GRMZM2G049372 2.107 'transport.sugars' 
 
GRMZM2G136910 2.095 ‘not assigned.unknown’ 
abscisic stress protein 
homolog (aba1), mRNA 
GRMZM5G854138 1.296 ‘not assigned.unknown’ 
abscisic stress ripening 
protein 2  
GRMZM2G098239 1.564 ‘not assigned.unknown’ Orf protein  
GRMZM2G140101 1.33 ‘not assigned.unknown’ phytase  
GRMZM2G043336 1.633 ‘not assigned.unknown’ 
 
GRMZM2G165461 1.008 ‘not assigned.unknown’ LOC100281623  
GRMZM2G011523 1.032 ‘not assigned.unknown’ 
Bowman-Birk type wound-
induced proteinase inhibitor 
WIP1  
GRMZM2G127117 1.04 ‘not assigned.unknown’ 
hypothetical protein 
LOC100279952  
GRMZM2G119975 1.096 ‘not assigned.unknown’ ATFP4  
GRMZM2G066636 1.195 ‘not assigned.unknown’ LOC100284091  
GRMZM2G048120 1.277 ‘not assigned.unknown’ 
 
GRMZM2G139786 1.325 ‘not assigned.unknown’ 
 
GRMZM2G064679 1.349 ‘not assigned.unknown’ 
hypothetical protein 
LOC100277705  
GRMZM2G162233 1.359 ‘not assigned.unknown’ 
hypothetical protein 
LOC100276619 
(LOC100276619), mRNA 
GRMZM2G381071 1.362 ‘not assigned.unknown’ 
hypothetical protein 
LOC100274538  
GRMZM2G164781 1.393 ‘not assigned.unknown’ 
hypothetical protein 
LOC100276523  
GRMZM5G800014 1.442 ‘not assigned.unknown’ VAMP protein SEC22  
GRMZM2G007256 1.444 ‘not assigned.unknown’ adhesive/proline-rich protein  
GRMZM2G348125 1.458 ‘not assigned.unknown’ 
stress responsive protein 
(LOC100283176), mRNA 
GRMZM2G130173 1.46 ‘not assigned.unknown’ 
metallothionein-like protein 
type 2  
GRMZM2G019641 1.475 ‘not assigned.unknown’ Putative uncharacterized 
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protein  
AC203957.3_FG004 1.496 ‘not assigned.unknown’ 
 
GRMZM2G084445 1.503 ‘not assigned.unknown’ 
hypothetical protein 
LOC100277269  
GRMZM2G450512 1.537 ‘not assigned.unknown’ 
hypothetical protein 
LOC100275815  
GRMZM2G149295 1.574 ‘not assigned.unknown’ cupin, RmlC-type  
GRMZM2G315279 1.577 ‘not assigned.unknown’ 
 
GRMZM5G894582 1.582 ‘not assigned.unknown’ 
hypothetical protein 
LOC100277199  
GRMZM2G073764 1.61 ‘not assigned.unknown’ 
hypothetical protein 
LOC100303899  
GRMZM2G101393 1.702 ‘not assigned.unknown’ 
hypothetical protein 
LOC100278380  
GRMZM5G880014 1.733 ‘not assigned.unknown’ 
 
GRMZM2G121333 1.747 ‘not assigned.unknown’ 
 
AC233888.1_FG001 1.808 ‘not assigned.unknown’ 
 
GRMZM2G096422 1.86 ‘not assigned.unknown’ 
hypothetical protein 
LOC100192111  
AC193353.3_FG002 2.084 ‘not assigned.unknown’ 
 
GRMZM2G018099 2.113 ‘not assigned.unknown’ 
 
GRMZM2G317743 2.122 ‘not assigned.unknown’ 
 
GRMZM2G404316 2.145 ‘not assigned.unknown’ 
hypothetical protein 
LOC100304202  
GRMZM2G012806 2.216 ‘not assigned.unknown’ 
subtilisin-chymotrypsin 
inhibitor CI-1B  
GRMZM2G430807 2.272 ‘not assigned.unknown’ 
metallothionein-like protein 
type 2  
GRMZM2G339327 2.394 ‘not assigned.unknown’ 
Putative uncharacterized 
protein  
GRMZM2G162369 2.467 ‘not assigned.unknown’ 50S ribosomal protein L40  
GRMZM2G006287 2.477 ‘not assigned.unknown’ 
hypothetical protein 
LOC100192099  
GRMZM2G107027 2.477 ‘not assigned.unknown’ 
3-N-debenzoyl-2-deoxytaxol 
N-benzoyltransferase  
GRMZM2G070744 2.55 ‘not assigned.unknown’ 
hypothetical protein 
LOC100275553  
GRMZM2G158682 3.142 ‘not assigned.unknown’ 
 
GRMZM2G164340 3.251 ‘not assigned.unknown’ nitrilase-associated protein  
GRMZM2G107065 3.593 ‘not assigned.unknown’ 
hypothetical protein 
LOC100277591 
(LOC100277591), mRNA 
ADH2 1.049 
  
TIP4-1 1.593 
  
TUBB4 1.668 
  
TIP4-3 1.801 
  
C2 1.806 
  
ZRP4 1.855 
  
PIP2-4 1.859 
  
GRMZM6G636055 1.901 
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TIP2-1 1.97 
  
GRMZM6G198866 2.232     
Genes were annotated using the following databases: Maizegdb.org (gene names); Gramene.org (annotations) 
which uses RefSeq DNA, RefSeq Peptide, Swiss-Prot, TrEMBL. 
 
Table 17: List of genes down-regulated in the comparison WT vs SAD1-infected maize ears 
sorted by functional mapman annotations. FDR < 0.05. 
ID/Gene name Log2FC Mapman Annotation 
GRMZM2G400704 -2.01 
'amino acid metabolism.degradation.serine-
glycine-cysteine group.cysteine'  
GRMZM2G119511 -2.86 
'amino acid metabolism.synthesis.central 
amino acid metabolism.alanine.alanine-
glyoxylate aminotransferase' 
 
GRMZM2G061764 -3.08 
'cell wall.cellulose synthesis.cellulose 
synthase'  
GRMZM2G126077 -2.69 
'cell wall.degradation.pectate lyases and 
polygalacturonases'  
GRMZM2G300786 -1.98 'cell.cycle' 
 
GRMZM2G337819 -1.09 'cell.division' 
 
GRMZM2G127499 -3.58 'cell.organisation' 
hypothetical protein 
LOC100278809 
GRMZM2G061704 -1.50 'cell.organisation' 
 
GRMZM2G311233 -1.51 'cell.organisation' 
 
glb1 -1.78 'development.storage proteins' 
Globulin-1 S allele Precursor 
(GLB1-S)(7S-like) 
GRMZM2G078441 -2.34 'development.storage proteins' 
 
GRMZM2G162659 -3.06 
'hormone metabolism.ABA.induced-
regulated-responsive-activated' 
embryo specific protein5 
AC233879.1_FG002 -2.63 
'hormone metabolism.ABA.induced-
regulated-responsive-activated'  
cko5 -1.85 
'hormone metabolism.CK.synthesis-
degradation'  
GRMZM2G051135 -2.24 
'hormone metabolism.ethylene.induced-
regulated-responsive-activated' 
Putative uncharacterized 
protein 
GRMZM2G077008 -3.37 
'hormone metabolism.ethylene.signal 
transduction'  
GRMZM2G150688 -1.71 
'hormone metabolism.gibberelin.induced-
regulated-responsive-activated' 
LOC100284720 
cpps2 -1.37 
'hormone metabolism.gibberelin.synthesis-
degradation.copalyl diphosphate synthase' 
Putative uncharacterized 
protein 
GRMZM2G120964 -2.18 
'metal handling.binding, chelation and 
storage' 
hypothetical protein 
LOC100275983 
trps12 -1.12 'minor CHO metabolism.trehalose.TPS' 
hypothetical protein 
LOC100381759 
bhlh50 -1.93 'misc.cytochrome P450' 
 
glu3 -1.95 'misc.gluco-, galacto- and mannosidases' 
non-cyanogenic beta-
glucosidase 
GRMZM2G314769 -2.93 'misc.myrosinases-lectin-jacalin' 
hypothetical protein 
LOC100192837 
GRMZM2G162755 -1.96 
'misc.UDP glucosyl and glucoronyl 
transferases' 
anthocyanidin 3-O-
glucosyltransferase 
GRMZM2G322819 -2.77 'protein.degradation' 
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ID/Gene name Log2FC Mapman Annotation 
GRMZM2G405708 -6.62 'protein.degradation.serine protease' 
 
GRMZM2G412702 -2.66 'protein.degradation.subtilases' 
 
GRMZM2G467147 -1.06 'protein.degradation.ubiquitin.E3.SCF.FBOX' 
Putative uncharacterized 
protein 
GRMZM2G301647 -2.63 
'protein.postranslational 
modification.kinase.receptor like 
cytoplasmatic kinase IX' 
 
GRMZM2G378547 -1.73 
'protein.postranslational 
modification.kinase.receptor like 
cytoplasmatic kinase VIII' 
Pti1 protein 
GRMZM2G163120 -2.85 'redox.thioredoxin' 
 
GRMZM2G102711 -1.21 'RNA.processing.splicing' 
 
GRMZM2G123063 -2.12 'RNA.regulation of transcription.Argonaute' 
 
bhlh102 -1.88 
'RNA.regulation of transcription.bHLH,Basic 
Helix-Loop-Helix family'  
yab2 -2.79 
'RNA.regulation of transcription.C2C2(Zn) 
YABBY family' 
protein DROOPING LEAF 
GRMZM2G178435 -2.32 
'RNA.regulation of transcription.Chromatin 
Remodeling Factors'  
GRMZM2G002894 -4.17 
'RNA.regulation of transcription.FHA 
transcription factor' 
hypothetical protein 
LOC100279210 
gras76 -2.30 
'RNA.regulation of transcription.GRAS 
transcription factor family' 
chitin-inducible gibberellin-
responsive protein 2 
zmm1 -3.23 
'RNA.regulation of transcription.MADS box 
transcription factor family' 
LOC542326 
mads18 -2.54 
'RNA.regulation of transcription.MADS box 
transcription factor family' 
Putative MADS-domain 
transcription factor 
mads41 -3.22 
'RNA.regulation of transcription.MADS box 
transcription factor family' 
Putative uncharacterized 
protein 
zmm29 -2.14 
'RNA.regulation of transcription.MADS box 
transcription factor family' 
Zea mays MADS29. 
mybr96 -1.53 
'RNA.regulation of transcription.MYB-
related transcription factor family' 
LOC100280442 
mybr90 -3.13 
'RNA.regulation of transcription.putative 
transcription regulator' 
hypothetical protein 
LOC100382037 
GRMZM2G011436 -1.90 
'RNA.regulation of transcription.putative 
transcription regulator' 
hypothetical protein 
LOC100383007 
GRMZM2G319104 -1.46 
'RNA.regulation of transcription.putative 
transcription regulator'  
GRMZM2G362557 -4.28 
'RNA.regulation of transcription.putative 
transcription regulator'  
tga1 -1.46 
'RNA.regulation of 
transcription.SBP,Squamosa promoter 
binding protein family' 
Teosinte glume architecture 1 
AC233751.1_FG002 -1.51 
'RNA.regulation of 
transcription.SBP,Squamosa promoter 
binding protein family' 
 
tcptf38 -2.10 
'RNA.regulation of transcription.TCP 
transcription factor family'  
wrky72 -2.04 
'RNA.regulation of transcription.WRKY 
domain transcription factor family' 
hypothetical protein 
LOC100383070 
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ID/Gene name Log2FC Mapman Annotation 
GRMZM2G073567 -1.85 'RNA.RNA binding' 
hypothetical protein 
LOC100194272 
(LOC100194272), mRNA 
GRMZM2G427672 -2.52 'RNA.RNA binding' 
Putative uncharacterized 
protein 
GRMZM2G024718 -1.91 'stress.abiotic.heat' heat shock 70 kDa protein 1 
hsp101 -1.38 'stress.abiotic.heat' heat-shock protein 101 
GRMZM2G098167 -1.65 'stress.abiotic.heat' 
hypothetical protein 
LOC100191598 
GRMZM2G366532 -1.35 'stress.abiotic.heat' 
hypothetical protein 
LOC100272911 
GRMZM2G085934 -2.41 'stress.abiotic.heat' 
 
GRMZM2G141834 -1.28 'stress.biotic' 
 
GRMZM2G382273 -7.28 'stress.biotic' 
 
GRMZM2G154747 -2.51 'transport.misc' 
LOC100279493 (pco126369), 
mRNA 
GRMZM2G069016 -2.73 'transport.nucleotides' purine permease 
GRMZM2G303728 -1.90 'transport.unspecified cations' 
 
GRMZM2G074017 -1.45 ‘not assigned.unknown’ ATPase inhibitor 
GRMZM2G146308 -5.27 ‘not assigned.unknown’ glycine-rich protein GRP5 
GRMZM2G062066 -1.09 ‘not assigned.unknown’ 
hypothetical protein 
LOC100192954 
GRMZM2G032244 -2.10 ‘not assigned.unknown’ 
hypothetical protein 
LOC100273870 
GRMZM2G166776 -4.39 ‘not assigned.unknown’ 
hypothetical protein 
LOC100274774 
c3h37 -3.16 ‘not assigned.unknown’ 
hypothetical protein 
LOC100276294 
GRMZM2G005818 -2.11 ‘not assigned.unknown’ 
hypothetical protein 
LOC100277301 
GRMZM2G007969 -1.64 ‘not assigned.unknown’ 
hypothetical protein 
LOC100278083 
GRMZM2G103759 -2.88 ‘not assigned.unknown’ 
hypothetical protein 
LOC100279579 
GRMZM2G005996 -1.38 ‘not assigned.unknown’ 
hypothetical protein 
LOC100304377 
GRMZM2G049151 -2.72 ‘not assigned.unknown’ 
hypothetical protein 
LOC100382342 
GRMZM2G020998 -1.96 ‘not assigned.unknown’ 
hypothetical protein 
LOC100383697 
GRMZM2G000566 -1.61 ‘not assigned.unknown’ 
hypothetical protein 
LOC100384546 
GRMZM2G064374 -2.53 ‘not assigned.unknown’ 
Putative uncharacterized 
protein 
GRMZM2G160279 -1.33 ‘not assigned.unknown’ 
Putative uncharacterized 
protein 
GRMZM2G510387 -1.23 ‘not assigned.unknown’ 
Putative uncharacterized 
protein 
GRMZM2G588623 -2.36 ‘not assigned.unknown’ 
Putative uncharacterized 
protein 
GRMZM5G826577 -2.23 ‘not assigned.unknown’ 
Putative uncharacterized 
protein 
GRMZM5G844309 -1.80 ‘not assigned.unknown’ 
Putative uncharacterized 
protein 
GRMZM2G315767 -2.60 ‘not assigned.unknown’ transferase 
AC185108.3_FG010 -1.48 ‘not assigned.unknown’ 
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ID/Gene name Log2FC Mapman Annotation 
AC196728.3_FG003 -3.96 ‘not assigned.unknown’ 
 
AC206788.3_FG008 -1.48 ‘not assigned.unknown’ 
 
AC206952.3_FG001 -5.35 ‘not assigned.unknown’ 
 
GRMZM2G010163 -1.82 ‘not assigned.unknown’ 
 
GRMZM2G019721 -3.09 ‘not assigned.unknown’ 
 
GRMZM2G023863 -1.49 ‘not assigned.unknown’ 
 
GRMZM2G048274 -1.07 ‘not assigned.unknown’ 
 
GRMZM2G050917 -4.94 ‘not assigned.unknown’ 
 
GRMZM2G053231 -1.69 ‘not assigned.unknown’ 
 
GRMZM2G121990 -1.98 ‘not assigned.unknown’ 
 
GRMZM2G127162 -2.27 ‘not assigned.unknown’ 
 
GRMZM2G166671 -1.30 ‘not assigned.unknown’ 
 
GRMZM2G300080 -3.31 ‘not assigned.unknown’ 
 
GRMZM2G303244 -1.09 ‘not assigned.unknown’ 
 
GRMZM2G304926 -1.51 ‘not assigned.unknown’ 
 
GRMZM2G375607 -1.86 ‘not assigned.unknown’ 
 
GRMZM2G376743 -3.33 ‘not assigned.unknown’ 
 
GRMZM2G376757 -4.03 ‘not assigned.unknown’ 
 
GRMZM2G409082 -3.20 ‘not assigned.unknown’ 
 
GRMZM2G417835 -2.73 ‘not assigned.unknown’ 
 
GRMZM2G427635 -4.16 ‘not assigned.unknown’ 
 
GRMZM2G446648 -1.40 ‘not assigned.unknown’ 
 
GRMZM2G467339 -1.69 ‘not assigned.unknown’ 
 
GRMZM2G590448 -2.10 ‘not assigned.unknown’ 
 
GRMZM2G703622 -5.21 ‘not assigned.unknown’ 
 
GRMZM2G704285 -1.19 ‘not assigned.unknown’ 
 
GRMZM5G814441 -2.14 ‘not assigned.unknown’ 
 
GRMZM5G851617 -1.29 ‘not assigned.unknown’ 
 
GRMZM5G894340 -1.68 ‘not assigned.unknown’ 
 
hsftf17 -2.41 ‘not assigned.unknown’ 
 
CAT3 -2.19 
  
Genes were annotated using the following databases: Maizegdb.org (gene names); Gramene.org (annotations) 
which uses RefSeq DNA, RefSeq Peptide, Swiss-Prot, TrEMBL. 
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Fig. 27: Up- and down-regulated genes of 4 week old maize ears infected with 
S. reilianum  strains WT or SAD1 . Top left corner shows a histogram from yellow over 
black to blue. Colors indicate the calculated row z -score. The row z-score was calculated 
from RPKM of each experiment.  RNA from each experiment was isolated from a pool of 
ears from 15 plants per experiment. Genes count as significantly deregulated with an FDR < 
0.5 and a Log2 fold change >1 or <-1. Heat maps show slight differences  between samples 
of WT and between samples of SAD1. 
 
Up- and down-regulated genes were visualized in heat maps to show differences in gene 
expression in-between the tested samples (Fig. 27). Sample WT#3 showed differences in 
up- and down-regulated genes compared to WT#1 and WT#2. Sample SAD1#3 showed 
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slight differences in down-regulated genes compared to samples SAD1#1 and SAD1#2. 
The differences could be explained by the fact that samples were taken blindly, without 
normalizing the fungal amount inside the collected ears. The fungal amount could be 
estimated by the comparison of total reads that mapped to the fungal genome (Table 12). 
The two samples, WT#3 and SAD1#3, show the biggest difference in mapped reads in 
samples of WT or SAD1. While WT#3 has nearly double the reads mapped to the 
S. reilianum genome than the other two WT samples, SAD1#3 has the lowest amount of 
reads mapped to the S. reilianum genome compared to the other two SAD1 samples.  
Thus, the deregulated genes are similarly expressed across the samples from WT or 
samples from SAD1-infected plants. Slight differences in gene expression between the 
replicates could have originated from differences in the fungal amount in the samples. It is 
possible that not all deregulated genes could be detected, since a difference between the 
replicates could lead to higher FDR, which could lead to exclusion of these potential 
deregulated genes from the list of deregulated genes. 
 
3.4.3 Genes deregulated by the presence of SAD1 can be linked to stress 
response 
Deregulated genes were analysed using gene onthology enrichment analysis to check for 
enriched functional groups (GO terms) in up- or down- regulated genes. For this purpose 
the AgriGO website was used (Du et al. 2010). As search parameters the singular 
enrichment analysis (SEA) option and the Zea mays ssp v5a GO annotation for gene IDs 
provided by AgriGO was choosen. For up-regulated genes, 164 genes (74% of the up-
regulated genes) could be annotated to at least one GO term. 57 of the down-regulated 
genes (50% of the down-regulated genes) were annotated to at least one GO term.  
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Fig. 28: Enriched GO terms of up-regulated genes . Up-regulated genes were analysed 
using SEA (AgriGO). GO terms were counted as enriched at FDR < 0 .5. Diagram shows 
number of genes per GO term. The Query consisted of 222 genes of which 164 could be 
annotated using the Maize genome V5a gene ID reference with 26736 annotated genes. The 
analysis produced 18 significant ly enriched GO terms.  
 
In total, 18 GO terms were enriched for the up-regulated genes (Fig. 28). Most genes 
belonged to the GO terms hydrolase activity (40), response to stimulus (30), response to 
stress (29), oxidoreductase activity (27) and oxidation reduction (26). Because every gene 
has multiple GO terms and GO terms are connected in-between each other (response to 
stimulus -> response to stress), GO-annotated enriched genes can be graphically displayed 
as a network, highlighting gene hubs. 
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Fig. 29: Network of enriched Go terms of up-regulated genes.  Enriched GO terms are 
shown as colored boxes and are connected with arrows, dashed arrows or dotted arrows 
indicating relations between GO terms as shown in the diagram legend ( Bottom). GO terms 
are clustered in three parts. (A)  Enriched GO terms of up-regulated genes of the “molecular 
function“-cluster. (B)  Enriched GO terms of up-regulated genes of the “biological 
processes“-cluster. (C)  Enriched GO terms of up-regulated genes of the “cellular 
component“-cluster.  
 
GO terms are structured in three different groups; molecular function, biological processes 
and cellular component (Fig. 29). The group molecular function contained most of the 
enriched GO terms for maize genes up-regulated by SAD1. The most upper tier GO terms 
included anti-oxidant activity (GO:0016209), oxidoreductase activity (GO:0016491), 
hydrolase activity (GO:0016787), transferase activity (transferring acyl groups other than 
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amino acyl groups)(GO:0016747), tetrapyrrole binding (GO:0046906) and iron ion binding 
(GO:0005506) (Fig 28). These GO terms branched of into more specific GO terms like 
peroxidase activity (GO:0004601), hydrolase activity (hydrolyzing O-glycosyl compounds) 
(GO:0004553) and heme binding (GO:0020037). The next GO term category was 
biological processes. Genes that were present in molecular function could also be present 
in GO terms of the category biological processes. Most upper tier GO terms of this 
category were response to stimulus (GO:0050896), lipid metabolic process (GO:0006629) 
and oxidation reduction (GO:0055114). These GO terms branched off into response to 
stress (GO:0006950) and response to stimulus (GO:0042221), which connected both to the 
more specific GO term response to oxidative stress (GO:0006979). The last GO term 
category was cellular component, which indicates in which cellular component the 
biological processes of the enzymes of a particular molecular function take place. The only 
GO term enriched for up-regulated maize genes by SAD1 was extracellular region 
(GO:0005576). Genes up-regulated by SAD1 very specifically clustered into GO terms 
that are part of the response to stresses or stimuli. 
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Fig. 30: Enriched Go terms of down-regulated genes.  Down-regulated genes were 
analysed using singular enrichment analysis (AgriGO). GO terms were counted as enriched 
when they showed an FDR < 0 .5. (A)  Diagram showes number of genes per GO term. The 
Query consisted of 115 genes of which 57 could be annotated using the Maize genome V5a 
gene ID reference with 26736 annotated genes. The analysis produced 3 signifi cant Go 
terms. (B)  There are three enriched GO terms that were all connected  to membrane bounded 
organelle (GO:0043227), intracellular bounded organelle (GO:004 3231) and nucleus 
(GO:0005634).  
 
GO terms enriched for down-regulated genes were all part of the cellular component group 
(Fig.29). In the cellular component group, three GO terms were enriched. The three 
enriched GO term groups are membrane-bounded organelle (GO:0043227), which was 
connected to the second group intracellular membrane-bounded organelle (GO:0043231), 
which in turn again was connected to the last enriched GO term nucleus (Fig. 30, 
GO:0005634). 
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Fig. 31: Mapman categories of deregulated genes in WT vs SAD1-infected ears using 
the Mapman annotations ZM_B73_5b_FGS_cds_2012 . Diagramm shows Mapman 
categories containing the highest amount for  up- and down-regulated genes. Misc.  
(Miscellaneaus) contains genes that were not part of the top categories of up - or down-
regulated genes. Categories were tested for enrichment using the Pearson's chi-squared test. 
Asterisks above the columns indicate enriched categories (p -value < 0.05).  
 
To verify and or complement the GO term annotation, the deregulated genes were 
annotated with Mapman annotations and checked for significant enrichment with the 
Pearson chi-squared test (Fig. 31, Thimm et al. 2004). From the 222 up-regulated genes 
164 and 63 of the 115 down-regulated genes were annotated. There were 11 groups of 
Mapman annotations that produced most hits for up- and down-regulated genes. These 
groups were “Unknown”, which contained 58 up-regulated and 52 down-regulated genes; 
“Misc.” (Miscellaneous), consisting of genes that belonged to multiple groups but could 
not be clustered into a bigger group, which contained 49 up-regulated and 22 down-
regulated genes; “Regulation of transcription” that contained 27 up-regulated and 19 
down-regulated genes; “Cell wall”, which contained 16 up-regulated and 2 down-regulated 
genes; “Stress” consisting of 15 up-regulated and 7 down-regulated genes; “Protein” with 
12 up-regulated and 6 down-regulated genes; 12 up-regulated genes were annotated as 
“Misc.peroxidase”; “Misc.GDSL-lipase” containing 9 up-regulated genes; “Lipid 
metabolism” that consisted of 11 up-regulated genes; 10 up-regulated genes and 2 down-
regulated genes that belonged to “Development”; “Hormone metabolism”, containing 3 
up-regulated and 7 down-regulated genes. These groups were tested for significant 
enrichment using the Pearson chi squared test. Up-regulated genes were significantly 
enriched (Pearson chi squared test p-value < 0.05) for the Mapman categories: Cell wall, 
0
10
20
30
40
50
60
70
up
down
N
u
m
b
er
 o
f 
g
en
es
* **
*
*
**
*
**
*
Results 
138 
 
stress, protein, misc.peroxidase, misc.GDSL lipase and lipid metabolism. Down-regulated 
genes were significantly enriched (Pearson chi squared test p-value < 0.05) for the 
Mapman categories: Regulation transcription, stress, protein and hormone metabolism. 
Annotation with Mapman categories verified that genes that were deregulated by the 
presence of SAD1 were involved in lipid metabolism and stress response. Furthermore, we 
were able to specify that a high amount of regulated genes was involved in regulation of 
transcription, which could also be part of the response to stresses. To identify the different 
roles of transcription factors they were annotated by using the database 
Maize_Tfome_Bulk_data (Grassius, Yilmaz et al. 2009). This list contained all annotated 
transcription factors of maize and clustered them in families (Table 18). 
 
Table 18: Down-regulated transcription factors of WT vs SAD1 infected maize ears. List of 
transcription factors obtained from Maize_Tfome_Bulk_data (Grassius). FDR < 0.05. 
Maize ID Family Log2FC Maize A. thaliana 
GRMZM2G088309 C2C2-YABBY -2.79 YAB2  CRABS CLAW (CRC) 
GRMZM2G171942 C3H -3.16 C3H37 - 
GRMZM2G028438 GRAS -2.30 GRAS76 SCARECROW (SCL18) 
GRMZM2G003489 HSF -2.41 HSFTF17 - 
GRMZM2G018589 MADS -3.22 MADS41 AGAMOUS 
GRMZM5G805387 MADS -2.54 MADS18 PI (PISTILLATTA) 
GRMZM2G152862 MADS -2.14 ZMM19 PI (PISTILLATTA) 
GRMZM2G051135 MBF1 -2.24 unknown  MBF1C 
GRMZM2G046438 MYB-related -3.13 MYBR90 MYB like  
GRMZM2G145041 MYB-related -1.53 MYBR96 MYB like  
GRMZM2G178435 SNF2 -2.32 unknown AT3G24340  
GRMZM2G180568 TCP -2.10 TCPTF38  TEOSINTE BRANCHED1 (TCP24) 
GRMZM5G816457 WRKY -2.04 WRKY72 WRKY2 
 
Thirteen downregulated transcription factors were annotated (Table 18). These 13 
transcription factors clustered into 10 families. Families of down-regulated transcription 
factors were C2C2 YABBY (1), C3H (1), GRAS (1), HSF (1), MADS (3), MBF1 (1), 
MYB related (2), SNF2 (1), TCP (1) and WRKY (1). Down-regulated transcription factors 
were equally distributed among these families. 
 
Table 19: Up-regulated transcription factors of WT vs SAD1 infected maize ears. List of 
transcription factors obtained from Maize_Tfome_Bulk_data (Grassius). FDR < 0.05. 
Maize ID Family Log2FC Maize A. thaliana 
GRMZM2G106591 AP2-EREBP 1.72 EREB145  SHN1, WIN1 
GRMZM2G005301 AP2-EREBP 2.10 EREB144  TINY2 
GRMZM2G077356 AUX/IAA 0.86 IAA21  IAA16 
GRMZM2G019806 bHLH  1.81 BHLH137  AT2G22750  
GRMZM2G073427 bZIP 1.26 bZP111  CPFR-2  
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AC203957.3_FG004 bZIP 1.50 unknown  -  
GRMZM2G042218 C2C2-DOF 2.71 DOF38  -  
GRMZM2G119999 HB 1.56 HB127  AtHB5 
GRMZM2G003514 MADS 1.22 ZAG5   AGL6 
GRMZM2G003406 MYB 1.25 MYB124  AtMYB86 
GRMZM2G127490 MYB 1.29 MYB149   AtMYB61 
GRMZM2G000818 MYB 1.36 MYB11   AtMYB4 
GRMZM2G027697 MYB 1.48 MYB86  AtMYB79 
GRMZM2G119693 MYB 1.61 MYB91  AtMYB61 
GRMZM2G147698 MYB 1.86 MYB156  AtMYB50 
GRMZM2G150841 MYB 1.88 MYB23   AtMYB86 
GRMZM2G175232 MYB 2.01 MYB99  AtMYB86  
GRMZM2G023557 MYB-related 2.01 MYBr104  -  
GRMZM2G091201 MYB-related 3.62 MYBr13  -  
GRMZM2G069047 NAC 2.00 NACTF115  NST1, EMB2301, ANAC043  
GRMZM2G155370 Orphans 1.54 unknown  CIA2  
 
Twenty one transcription factors were upregulated in the presence of SAD1 (Table 19). 
These 21 transcription factors belonged to 11 families. Families of the transcription factors 
were AP2-EREBP (2), AUX/IAA (1), bHLH (1), bZIP(2), C2C2-DOF (1), HB (1), MADS 
(1), MYB (8), MYB-related (2), NAC (1) and Orphans (1). It was interesting that MYB 
and MYB-related transcription factors made up close to 50% of up-regulated transcription 
factors. 
RNA sequencing of maize ears infected with WT or SAD1 S. reilianum strains, revealed 
that the presence of SAD1 promoted deregulation of maize genes but not S. reilianum 
genes. The sequencing produced good quality data for maize genes, but due to the low 
amount of reads that mapped to the S. reilianum genome, we could not be sure if presence 
of SAD1 did not affect the expression of genes in S. reilianum at all. Presence of SAD1 led 
to the up-regulation of 222 and down-regulation of 115 maize genes. Deregulated genes 
were mainly grouped into genes involved in stress response. The SAD1 induced stress 
response included genes for transcription factors as well as hydrolases and peroxidases. 
Transcription factors belonged to many families, but up-regulated transcription factors 
showed a high amount of MYB or MYB-related transcription factors.  
 
3.4.4 Transgenic A. thaliana plants expressing GFP-SAD1 show 
comparable behavior to Col-0 under salt stress conditions 
RNA sequencing indentified deregulated genes involved in abiotic stress response (Table 
16). Yeast two-hybrid experiments revealed that SAD1 interacted with the plant protein 
RGLG2 (Fig. 26). RGLG2 is an E3 ubiquitin ligase involved in signaling and ubiquitin-
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mediated protein degradation under drought and salt stress (Cheng et al. 2012). To test 
whether the interaction of SAD1 and RGLG2 would lead to altered behavior of transgenic 
A. thaliana seedlings compared to Col-0 plants, we performed salt stress experiments. 
Seedlings were grown on 0.5 x MS agar until they produced 4 leaves (Including the 
cotyledons). To induce salt stress, plants were transferred to 0.5 x MS agar plates 
supplemented with 200 mM NaCl. Plants were observed at days 0, 2, 3, 4, 5 and 8. 
 
 
Fig. 32: Transgenic A. thaliana seedlings expressing GFP-SAD1  did not possess higher 
salt tolarance than Col-0 seedlings.  (A)  Diagram showing the number of leaves per plant 
after plants were transferred to 0 .5 x MS plates supplemented with 200mM NaCl. Two days 
after transfer Col-O and GFP-SAD1 plants did not produce further leaves. (B)  Diagram 
showing the occurrence of white leaves of plants from (A). White leaves ocurred after 
growth for three days on NaCl containing medium for both plant lines (pictures right side). 
(C)  Diagram presenting the survival rate (plants that still had at least one green leaf) in% 
from plants in (A). After 4 days of growth on NaCl containing medium the survival rate 
dropped for both plant lines. After 8 days 80 -95% of the plants were dead. Values are means 
of two experiments. Each experiment was performed wit h 5-15 plants per plant line. Error 
bars indicate the SEM. Bars = 0 .5 cm. 
 
After transfer to NaCl-containing plates plants stopped to grow and did not produce further 
leaves (Fig. 32A). This was true for Col-0 and GFP-SAD1 plants. All plants started to 
produce whitish leaves after 3 days under stress conditions (Fig. 32B). At 8 days of growth 
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under stress conditions, plants showed 3.5-4 white leaves. After 8 days growing under 
stress conditions 6.25% of Col-0 plants and 22.3% of transgenic plants expressing GFP-
SAD1 were still alive (“alive” = at least one green leaf, p-value < 0.049). Expression of 
GFP-SAD1 slightly increased the survival rate of plants grown under salt stress conditions. 
Eventhough this effect was very weak, involvement of SAD1 in other stress responses can 
not be excluded.  
 
3.5 Overexpression and structural analysis of SAD1 
To study the exact functional mechanism of a protein, it is necessary to determine its 
structure. Information obtained by the structure of a protein could help to identify active 
regions and to give insight into possible functions of the protein. Before the structure of 
SAD1 can be analysed, protein overexpression and purification needs to be established. In 
addition to structural insight, overexpression and purification of a protein opens up a broad 
spectrum of biochemical assays. 
 
3.5.1 De novo modelling of SAD1SP using 5 different modeling tools 
To study the function of SAD1 we needed to obtain information of the structure of SAD1. 
Solving the structure by x-ray christallography is work intensive. To get a glimpse at the 
function beforehand, denovo modelling coupled with 3D homology search was used. For 
this purpose the online platforms bhageerath, I tasser, Intfold, Mufold and Quark were 
used. Bhageerath uses a protein folding energy-based algorithm specific for small globular 
proteins with 2-3 -helices and -strands (Jayaram et al. 2006). I-Tasser stands for iterative 
threading assembly refinement server (Roy et al. 2010). IntFOLD is a prediction server 
that combines multiple programs like IntFOLD3-TS, MODFOLD5, DomFOLD3, DISO-
clust3 and FunFOLD3. The program can produce a de novo model and assess the quality 
of the model at the same time (Fig. A, B and C) (McGuffin et al. 2015). Mufold combines 
ab initio modelling with template-based modelling (Zhang et al. 2010). Quark uses 
continuous structure fragments and optimized knowledge-based force field (Zhang et al. 
2010). It is important to know that all off the used programs use different algorithms to 
produce an ab initio modelled 3D structure of SAD1. As template we used the amino acid 
sequence of SAD1 without the signal peptide. We were interested in the functional 
structure present after secretion from the fungal cell, thus we deleted amino acids 1-24 
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which contained the signal peptide for secretion (Ghareeb et al. 2015). Predicted models 
were used as input for the Dali server (Holm & Rosenström 2010). The Dali server is able 
to compare the protein structure against known structures from the Protein Data Bank 
(PDB). The output, were PDB identifiers sorted by Z-score. The Z-score showed homology 
of the 3D structures that were aligned. A Z-score above 20 indicates that the two protein 
folds are homologous, 20-8 indicates that the two folds are probably homologous, 8-2 
shows that the results are unclear and below 2 is not significant (Holm et al. 2006).  
 
 
Fig. 33: Denovo modelling with IntFOLD4 produced a model with medium confidence. 
(A) 3D structure of denovo model of SAD1SP. N- and C-terminus of the model were 
labelled with „N“ and „C“. Confidence of amino acid position are represented in a color 
code (blue = high confidence; red = low confidence). Structures like -helices and  -strands 
produced high confidence amino acid positioning, while loops and the N - and C-terminus 
produced low confidence amino acid localization. (B)  Diagram showing the confidence 
value of (A) in predicted residue error (Angstroms). (C)  Diagram showing the flexibility of 
regions of SAD1 as the disorder probability score. Flexible regions such as the N - and C-
terminus of a protein resulted in low confidence predictions.  
 
The quality assessment of the IntFOLD system was used as an example for the overall 
quality of the models produced by the other servers. Model qualities were overall 
comparable. IntFOLD produced a model of medium confidence (P-value < 0.04). The 
model contained high confidence and low confidence regions. Regions of high confidence 
were located in the -helices, -strands and at the C-terminus (Fig. 33A). Regions of low 
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confidence were located in the N-terminus of the protein as well as in the loops connecting 
the -strands and –helices. The regions of the model with low and high confidence were 
summed up to a predicted residue error. This error is shown in angstrom and is comparable 
to the resolution of the model. The error for amino acids 1-20 and 110-130 was higher than 
5 angstrom. The rest of the model had an error of about 5 angstrom (Fig. 33B). Most parts 
of the model showed a disorder probability score above the threshold (0.5). Especially the 
N-terminus and regions 110-130 showed an elevated disorder probability score (Fig. 33C). 
This score indicated the potential variability of the region. Regions of disorder were 
difficult to model with high confidence. The IntFOLD model was subsequently used as 
input for analysis with the Dali server (Table. 21). 
 
Table 20: Top 5 hits of the best denovo model from IntFOLD as input for the  Dali server. Z-
scores above 2 indicates similar folded structures.  
Name Z-Score Amino acid Identity% Dali prediction 
1z4e-A 10.1 11 Transcriptional regulator 
1z4e-B 9.8 11 Transcriptional regulator 
2dxq-B 7.1 7 Acetyltransferase 
2dxq-A 6.9 7 Acetyltransferase 
1i21-M 6.7 7 Glucosamine-phosphate N-Acetyltransferase 
 
The model of IntFOLD showed probable homology to 1z4e-A and B (Z-score 10.1 and 9.8, 
respectively). 1z4e is a transcriptional regulator of Bacillus halodurans. The model also 
showed homology of to 2dxq-A and B (Z-score 7.1 and 6.9). 2dxq is a putative 
acetyltransferase from Agrobacterium fabrum. The last homolog of the top 5 Dali server 
hits was li21-M (Z-score 6.7). 1i21-M was the amino-sugar N-acetyltransferase GNA1 
from yeast (Table 20).  
 
Results 
144 
 
 
Fig. 34: Amino acid and structural alignment of SAD1 and the top 5 hits from table 20 
displayed low amino acid identity and high structural homology in between the tested 
proteins.  Protein sequences were aligned by the the Dali server. On an amino acid seqeunce 
level the identity of the tested proteins was  low (Table 20). Homology was increased when 
amino acids were annotated to the structural parts they belong to (L = loop; H = -helix; E 
=  -strand).  
 
The amino acid alignment with the top 5 Dali hits of the IntFOLD model showed only very 
low amino acid identity (< 12%) (Table 20, Fig. 34two top rows). The homology at a 
structural level on the other hand is higher (Z-score of 10.1) (Table 21; Fig. 34 lower two 
rows). 
 
Table 21: Top Dali hits of de novo modelled protein structures of SAD1SP of different 
databases. 
Server Z-Score Dali prediction 
Bhageerath 12.4 histone methyltransferase 
IntFOLD 10.1 Transcriptional activator 
I-Tasser 7.3 histone acetyltransferase 
MuFold 5.7 Tyrosyl-tRNA synthase 
Quark 3.5 Pilin 
 
We repeated the process with 4 additional prediction servers. Bhageerath, IntFOLD and I-
Tasser produced models that produced Dali prediction with similar function, histone 
methyltransferase, transcriptional activator and histone acetyltransferase, respectively. 
These prediction servers also produced the Dali hits with the highest Z-scores (Table 21, 
12.4, 10.1 and 7.3). MuFold and Quark produced models with low Z-scores (Table 21, 5.7 
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and 3.5). The Dali predictions were tyrosyl-tRNA synthase (MuFold) and pilin (Quark). In 
summary we can say that ab initio modelling with 5 different prediction servers and the 
SAD1SP amino acid sequence produced a model of overall medium confidence. Three 
out of the five predicted models produced Dali hits with a medium to high Z-score that are 
functional involved in regulation of gene expression. 
 
3.5.2 Overexpression of SAD1 
A first step of functional analysis of unknown protein is the search for homologs with 
known function. SAD1 did not show any homology to other proteins on the amino acid 
sequence level (Ghareeb et al. 2015). However, there are predicted domains present in 
SAD1. These domains include: A signal peptide, myristoylation sites, phosphorylation 
sites and ubiquitination sites (Ghareeb et al. 2015). Ab initio modeling of SAD1 produced 
medium quality models with high quality homologies on the 3D structural level to other 
proteins (Fig. 33, Table 21). To verify these predictions x-ray crystallography could to be 
used to reveal the structure of SAD1. A pre-requisite for x-ray crystallography is the 
overexpression and purification of SAD1. We overexpressed SAD1 heterologously with 
the E. coli strain BL21 (DE3). Bl21 (DE3) contained the gene encoding the T7 RNA 
polymerase. Expression of this gene is controlled by Lac regulatory elements. BL21 (DE3) 
was transformed with the plasmid pDEST17-SAD1SP (pFD44) or pDEST17-3C-
SAD1SP (pFD45). Plasmids pDEST17-SAD1SP and pDEST17-3C-SAD1SP contained 
ampicillin resistance cassette as well as 6xHIS-SAD1SP or 6xHIS-3C-SAD1SP 
controlled by the T7 promoter. Thus we were able to induce the expression of 6xHIS-
SAD1SP or 6xHIS-3C-SAD1SP by inducing the expression of the T7 RNA polymerase 
with IPTG or lactose. 6xHIS-SAD1SP was subsequently isolated with a Ni-NTA column. 
6xHIS-3C-SAD1SP contained a 3C protease cleavage site (LeuGluValLeuPheGln ↓ 
GlyPro). Thus the 6xHIS tag could be cleaved from 6xHIS-3C-SAD1SP with the HRV 
3C Protease (Clontech), parallel to purification of the protein. Expression of both SAD1 
overexpression constructs was induced by the addition of 25% lactose solution to the 
growth medium and reached a final concentration of 1.25%. Expression of 6xHIS-
SAD1SP was tested for several transformed strains and only the strain showing the 
highest quantity of 6xHIS-SAD1SP was used for further experiments. Solubility of the 
expressed protein was verified and the expression was optimized for temperature and 
Results 
146 
 
antibiotic concentration.Optimized growth conditions were used to overexpress 6xHIS-3C-
SAD1SP and cleavage of the 6xHIS tag, by the 3C protease from, the protein was 
verified (Fig. 35 A, B, C and D). 
 
 
Fig. 35: 6xHIS-SAD1SP or 6xHIS-3C-SAD1SP were overexpressed in BL21 (DE3) 
cells. (A)  Total protein extract of 4 colonies of BL21 (DE3) + 6xHIS-SAD1SP after 
induction with 1.25% (v/v) lactose. All four colonies differed in the expression of SAD1 
(20kDa). The best overexpressor (#2) was picked for further experiments.  (B)  Isolation of 
6xHIS-SAD1SP using ultracentrifugation and Ni -NTA column purification. Expression of 
6xHIS-SAD1SP was leaky and showed a 20 kDa band for induced and no ne induced 
samples. 6xHIS-SAD1SP was present in the soluble and solid phase after centrifguation. 
6xHIS-SAD1SP was purified by Ni-NTA columns. (C)  Temperature and antibiotic 
concentration optimization of the overexpression of 6xHIS-SAD1SP and 6xHIS-3C-
SAD1SP. Overexpression of 6xHIS-SAD1SP and 6xHIS-3C-SAD1SP yielded the 
highest amount of protein at 30°C. (D)  Cleavage of the 6xHIS-3C from 6xHIS-3C-SAD1SP 
using the 3C protease (22kDa) in different concentrations. 3C protease cleaved 6xHIS-3C-
SAD1SP as indicated by the shift of bands from the lane „elution“ to  the lower band of the 
lane „1:5 3C“. The upper bands in lanes „1:5 3C“ -„1:10 3C“ are the 3C protease (22kDa).  
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BL21 (DE3) cells were transformed with pDEST17-6xHIS-SAD1SP. Transformed cells 
were selected on LB + carbenicillin [100 µg/ml]. Four colonies were picked for further 
growth in liquid LB + carbenicillin [100 µg/ml] + 1.25% (v/v) lactose at 37°C for 4 hours. 
Samples were pelleted, resuspended in 5 x SDS and boiled for 10 minutes. Boiled samples 
were separated on a 15% SDS PAGE gel. The gel was stained with coomassie and 
subsequently destained. Destained SDS PAGE gel showed that all four tested transformed 
BL21 (DE3) strains differed in expression of 6xHIS-SAD1SP. Strain #1 showed higher 
amount of total protein loaded on the gel compared to the other 3 strains (Fig. 35A). 
Strains #2, #3 and #4 were comparable in the amount of total protein, but differed in the 
intensity of the band at around 20 kDa. Mass spectrometry reveald that the 20 kDa band 
contained 6xHIS-SAD1SP. Strain #2 produced the highest amount of 6xHIS-SAD1SP. 
Thus strain #2 was stored at -80°C and used for all subsequent experiments.  
To test whether 6xHIS-SAD1SP was soluble, we repeated the overexpression as 
described above. After induction with 1.25% lactose and incubation for 4 hours the cells 
were pelleted and frozen in liquid nitrogen. Cell pellets were stored at -20°C until further 
use. Frozen cell pellets were resuspended in Ni-NTA lysis buffer and lysed with 1mg/ml 
lysozyme on ice for 30 minutes. Cells were further lysed by sonication. The solid debris 
was separated from the soluble phase by centrifugation at 13000 rpm at 4°C. Samples were 
taken from the soluble phase and the pellets and analysed by SDS PAGE. The soluble 
phase was further used for protein isolation using a Ni-NTA column. 6xHIS-SAD1SP 
was present in the soluble fraction as well as in the pellet fraction (Fig. 35B). We were able 
to isolate 6xHIS-SAD1SP with a Ni-NTA column (Fig. 35B).  
To increase the amount of 6xHIS-SAD1SP and 6xHIS-SAD1SP we tested temperatures 
at 21°C, 30°C and 37°C for growth after induction. Cells grown at temperatures below 
37°C were grown overnight, while cultures grown at 37°C were grown for 4 hours. Cells 
were harvested, the total protein was isolated and loaded on an SDS PAGE gel. Cells 
grown on lower temperatures and overnight produced more total protein compared to cells 
grown at 37°C for 4 hours (Fig. 35C). Thus the band for 6xHIS-SAD1SP and 6xHIS-3C-
SAD1SP were stronger for those samples as well. Even though there were different 
amounts of total protein, the amount of 6xHIS-SAD1SP and 6xHIS-3C-SAD1SP 
produced at 21°C and 30°C was higher than 37°C. In our lab we had high capacity for 
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growing cells at 30°C. Thus expression of 6xHIS-SAD1SP and 6xHIS-3C-SAD1SP 
was performed at 30°C and overnight for subsequent experiments. 
Successful cleavage of the 6xHIS tag from 6xHIS-3C-SAD1SP with the 3C protease was 
tested after overexpression and isolation 6xHIS-3C-SAD1SP as described above. The 
isolated protein was incubated together with different concentrations of 3C protease on the 
Ni-NTA column before elution. We used 400 U 3C protease per ml Ni-NTA resin, this 
amount was diluted 1:5, 1:7.5 or 1:10 to check the needed amount of 3C protease. Columns 
with protein and protease were incubated at 4°C for 16 hours before elution. Samples from 
elutions were analysed by SDS PAGE. Two bands were detected in the treated samples 
(Fig. 35D). The upper band was only visible in the treated sample at a size of 22 kDa and 
represented the 3C protease. The lower band was cleaved SAD1SP. There was a 
downward shift compared to the untreated control (Elution). This indicated that successful 
cleavage of the 6xHIS tag from 6xHIS-3C-SAD1SP by the 3C protease.  
 
 
Fig. 36: 6xHIS-SAD1SP overexpression and isolation did not lead to clean isolate.  
6xHIS-SAD1SP was overexpressed in high quantitiy. Isolation with Ni -NTA columns did 
lead to enrichment of 6xHIS-SAD1SP, but the final isolate was impure.  
 
After optimization of the overexpression, we scaled the experiment up to 1 L 
overexpression culture. Total protein was extracted and 6xHIS-SAD1SP was purified 
using a Ni-NTA column. Samples from all washing and elution steps were analysed on a 
SDS PAGE gel (Fig. 36). 6xHIS-SAD1SP was present in the supernatant and pellet 
fraction. There was no 6xHIS-SAD1SP detectable in the flowthrough and washing steps. 
Elution of 6xHIS-SAD1SP was achieved after the first elution step and peaked at the 
third elution step (Fig. 36). Elution steps 2 and 3 contained a lot of impurities. 
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Fig. 37: Isolated 6xHIS-SAD1SP precipitated when stored at 4°C after one day.  (A)  
Storage at 4°C of the elutions from Fig. 36 lead to white precipitation after 24 h. (B)  SDS-
PAGE revealed that the white precipitate contained 6xHIS-SAD1SP (Pellet) and that a 
small quantity of 6xHIS-SAD1SP remained soluble (Supernatant).  
 
After storing the eluate from Fig.35 at 4°C overnight we detected a white precipitate in 
elution 3 and 4 (Fig. 37A). We checked whether this precipitate contained 6xHIS-
SAD1SP. The white precipitate was pelleted by centrifugation and samples from the 
supernatant and the pellet were analysed by SDS PAGE. Both pellet and supernatant 
contained proteins at the size of 6xHIS-SAD1SP. This indicated that the white precipitate 
was produced by 6xHIS-SAD1SP. Precipitation has to be prevented before further 
experiments can be conducted. 
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4 Discussion 
4.1 SAD1 is degraded in an organ specific manner in maize and 
A. thaliana 
Earlier studies stated that SAD1-GFP was not detectable, by fluorescence microscopy and 
western blotting, in maize leaves infected with S. reilianum strains expressing PSAD1:SAD1-
GFP (Ghareeb 2011). Additionally, in transgenic A. thaliana plants, GFP-SAD1 was only 
detectable in the guard cells of stomata in cotyledons and leaves (Ghareeb 2011). 
Bioinformatic analysis of the SAD1 amino acid sequence predicted the presence of an 
ubiquitination site (Ghareeb 2011, Ghareeb et al. 2015). Finally, we detected a RING E3 
ubiquitin ligase as the strongest interaction partner of SAD1 (Fig. 26). This suggested that 
SAD1 was potentially affected by posttranslational modifications and possible 
ubiquitination followed by degradation via the 26S proteasome in an organ specific manner. 
We repeated fluorescence and western blot analysis of maize leaves and ears infected with 
S. reilianum expressing either SAD1-GFP or GFP alone. Full length SAD1-GFP as well as 
GFP were detected by western blot analysis and fluorescence microscopy (Fig. 8). 
However, in the SAD1-GFP sample, faint bands of lower molecular weight were visible 
(Fig. 8). This hints to degradation of SAD1-GFP in infected leaves and potentially in ears 
as well. The discrepancies between our experiments (slight degradation) and Ghareeb 2011 
(complete absence of protein) could be explained by the different growth conditions of the 
infected plants. Different growth conditions could change the growth stages at the time 
point of sampling. 
We tested the hypothesis of ubiquitin dependent degradation by the 26S proteasome in 
A. thaliana leaves by treatment with a proteasome inhibitor. Leaves of A. thaliana plants 
were cut in half. The halves were either treated with MG132 or DMSO by vacuum 
infiltration (Fig. 19). We detected GFP-SAD1 by western blot analysis in both halves. 
Additionally, we performed fluorescence microscopy with the same leaves. There were 
parts of leaves that displayed GFP-SAD1 restricted to the guard cells of stomata, or 
patches of pavement cells expressing GFP-SAD1 in the cytoplasm and the nucleus, in both 
treated and untreated samples (Fig. 19). Thus the treatment with MG132 did not affect the 
abundance of GFP-SAD1. While these experiments indicated a 26S proteasome-
independent way of regulation of GFP-SAD1 protein abundance, another inhibitor i.e. 
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am114, epoxamacin or bortezomib should be tested to verify these results (Stegmann et al. 
2012). 
To supplement earlier analysis of transgenic A. thaliana plants expressing GFP-SAD1, we 
analysed 12 day old seedlings by fluorescence microscopy and compared them to plants 
expressing GFP, under the control of the same promoter as GFP-SAD1 (Fig. 17). GFP-
SAD1 was present in all parts of the plant except for the hypocotyl of young plants and the 
stem of older plants (Fig. 17).  
These results suggested that SAD1 might be targeted by proteolytic degradation in leaves 
and ears of infected maize plants and in leaves and stem of transgenic A. thaliana plants. 
However, we did not see the complete absence of the protein reported by Ghareeb 2011. 
We also could not verify that the degradation is proteasome dependent since inhibitor 
studies did not show increased protein levels after treatment (Fig. 19). This indicates that 
the post translational modifications and potential degradation are regulated in a more 
complex way than just being organ-specific as previously suggested. It is known that 
degradation of proteins is an important part of plant development (reviewed in Hellmann & 
Estelle 2002, Palma et al. 2002). Different developmental processes like apical dominance 
and phytohormone signalling are affected by different proteins involved in ubiquitination 
(Stirnberg et al. 2002, Xie et al. 1998, Gray et al. 1999, Ruegger et al. 1998). Thus, not 
only could the degradation of SAD1 be affected by the plant organ, but also by the 
developmental stage the plant organ is currently passing through.  
It was shown that interaction between the F-box protein, part of the SCF complex involved 
in protein ubiquitination, is dependent on the phosphorylation state of the substrate protein 
(Deshaies 1999). We showed that nuclear accumulation of SAD1 was altered by mutating 
predicted phosphorylation sites of SAD1 (Fig. 21). This indicates that SAD1 is potentially 
subject to phosphorylation by plant kinases. We postulate that phosphorylation of SAD1 
alters the nuclear cytoplasmic trafficking of SAD1, but an alternative explanation could be 
that the phosphorylation state of SAD1 decides whether or not SAD1 is ubiquitinated and 
subsequently degraded. Degradation of SAD1 could lead to altered concentration ratios in 
the cytoplasm and the nucleus of plants cells. Expression of kinases that potentially 
phosphorylate SAD1 were reported to be growth stage dependent and cell type dependent 
thus potentially linking degradation of SAD1 to its phosphorylational state (De Smet et al. 
2009).  
RNA sequencing of maize ears infected with WT or SAD1 S. reilianum strains revealed 
that presence of SAD1 induced the expression of genes involved in oxidative stress 
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response (Table 16, Fig. 29). Currently we do not know whether SAD1 directly induces the 
production of high levels of reactive oxygen species (ROS) or if SAD1 just mimicks 
abiotic stress conditions and thus indirectly triggers the production of ROS. It was shown 
that proteolytic processes were ROS dependent (Solomon et al. 1999, Grune et al. 1997). 
Thus degradation of SAD1 could also be dependent on the ROS level of the specific tissue. 
To analyse the growth stage and organ/cell dependency of SAD1 degradation, time course 
experiments have to be performed. These time course experiments can be performed with 
GFP-SAD1 as well as with the GFP-SAD1 mutants, prepared in this study (Fig. 34, 3.2.10). 
Regarding the verification of proteasomal degradation of GFP-SAD1, we have to verify 
the ubiquitination of SAD1 by in vitro and in planta assays (Yin et al. 2007). Unraveling 
the exact method of SAD1 degradation will be a challenging task but could help to 
understand the function and functional localization of SAD1, as well as improve the 
understanding of regulation of the degradation processes in different parts and at different 
developmental stages of the plant. 
4.2 GFP-SAD1 accumulates in the nucleus of transgenic 
A. thaliana plants 
To obtain knowledge about the function of SAD1 it is imperative to analyse its localization. 
Expression of the fusion protein SAD1-GFP in S. reilianum SAD1 strains revealed that 
SAD1-GFP was secreted from the fungal hyphae (Fig. 3, Fig. 8, Ghareeb 2011, Ghareeb et 
al. 2015). It was not possible to detect SAD1-GFP inside the plant cells surrounding the 
fungal hyphae. This indicated that SAD1-GFP is not taken up or the signals was too weak 
to allow detection inside the plant cell. 
Transgenic A. thaliana plants expressing GFP-SAD1 under the control of the 35S promoter 
started to branch earlier and produced more secondary rosette-leaf branches compared to 
untransformed Col-0 plants (Fig. 12, Ghareeb et al. 2015). GFP-SAD1 localized at the 
periphery of the plant cell and inside the nucleus (Fig. 18, Ghareeb 2011). Peripheral GFP-
SAD1 could be present in the apoplast, cell wall, plasma membrane or cytoplasm of the 
plant cell. Plasmolysis experiments narrowed the localization down to plasma membrane 
or cytoplasmic localization (Fig. 20). This supports the hypothesis of SAD1 acting inside 
the plant cell rather than in the apoplast. The subcellular localization of GFP-SAD1 in 
transgenic A. thaliana plants was further elucidated by comparison of fluorescence 
intensity profiles between GFP and GFP-SAD1-expressing cells (Fig. 18). While GFP 
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localized in equal parts in the cytoplasm and the nucleus of the cell, GFP-SAD1 
accumulated in the nucleus (Fig. 18). Transformation of N. benthamiana leaves by 
infiltration with A. tumefaciens containing mutated GFP-SAD1 constructs was used for 
further analysis of the nuclear accumulation of GFP-SAD1. GFP-NES-SAD1 (NES = 
nuclear export signal) constructs localized in the cytoplasm and the nucleus, but with a 
lower nuclear:cytoplasm fluorescence ratio than GFP-SAD1 (3.2.10, Romich 2014). 
Nuclear re-entry could only be circumvented by the addition of a membrane anchor 
(CBL1-GFP-NES-SAD1, Fig. 22). GFP-NLS-SAD1 was able to exclusively localize to the 
nucleus (3.2.10, Romich 2014). SP-GFP-SAD1 localized outside the plant cell and was not 
able to re-enter the plant cell (3.2.10, Romich 2014). Cumulatively, these results suggest 
that GFP-SAD1 was able to actively enter the nucleus, while nuclear exit was not as strong. 
SP-GFP-SAD1 was not observed to re-enter the plant cell once secreted, proposing the 
existence of fungal helper proteins for uptake into the plant cell, or the coverage of an N-
terminal plant uptake signal by GFP. However, the uptake of SAD1 into the plant cell has 
still to be proven. 
Most proteins that actively localize to the nucleus contain a nuclear localization signal 
(NLS, reviewed in Freitas & Cunha 2009). Bioinformatic analysis of SAD1 amino acid 
sequence did show the presence of phosphorylation sites, myristoylation sites and 
ubiqutination sites, but no NLS. VAG1 a neighboring gene of SAD1 with weak homology 
to SAD1, contains an NLS, presenting the possibility that SAD1 might contain an NLS that 
is not yet known (Ghareeb et al. 2015). Alternatively, SAD1 could enter the nucleus by 
interaction with another protein that contains an NLS. The piggyback method was 
described for a mutant of the hepatitis D virus antigen defective in its nuclear import (Xia 
et al. 1992). Indeed, we presented that SAD1 is interacting with the RING E3 ligase 
RGLG2, which is present in the plasmamembrane and/or cytoplasm and the nucleus (Fig. 
26; Cheng et al. 2012). However, RGLG2 is only present in the nucleus if cells are stressed 
by osmotic stress, salt stress or drought (Cheng et al. 2012). Under non stressed conditions 
RGLG2 is localized at the plasma membrane (Yin et al. 2007). We observed the nuclear 
localization of GFP-SAD1 under non stressed conditions indicating that RGLG2 is not the 
active part in nuclear localization. BiFC experiments will verify the interaction of SAD1 
and RGLG2 and show whether interaction takes place in the cytoplasm or the nucleus. 
In another scenario SAD1 is able to enter the nucleus by itself. Even though SAD1 does 
not contain a known NLS, the phosphorylation status of SAD1 could be responsible for the 
cytoplasmic-nuclear trafficking. The EXTRACELLULAR SIGNAL-REGULATED 
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KINASE1/2 (ERK1/2) does not contain an NLS or NES but a nuclear translocation signal 
(NTS) that was activated upon phosphorylation (Chuderland et al. 2008). The role of 
phosphorylation in nuclear transport is reviewed in Nardozzi et al. 2010. Thus we 
investigated the influence of the phosphorylation status of SAD1 in the nuclear import. We 
created SAD1 phospho-mutants that harbored constitutively active or constitutively 
inactive phosphorylation sites. Localization of these mutants was analysed by expression in 
A. tumefaciens-infiltrated N. benthamiana leaves. We could identify two phosphorylation 
sites that had an effect on the nuclear:cytoplasmic distribution of GFP-SAD1. The protein 
kinase C phosphorylation site (SAK) led to reduced nuclear presence of GFP-SAD1 when 
constitutive phosphorylation was mimicked by substitution of the potential phospho-active 
serine residue with a glutamic acid residue (SAK:EAK). Mimicking constitutive 
dephosphorylation of the casein kinase II site (TRED) by the substitution of the potentially 
phospho-active threonine with alanine (TRED:ARED) also led to reduced nuclear 
accumulation of GFP-SAD1 (Fig. 21). These results suggest that phosphorylation of SAD1 
affected the subcellular localization of GFP-SAD1. However, we cannot distinguish 
whether the subcellular localization is changed due to increased or decreased transport, or 
by increased or decreased degradation of the protein (discussed in 4.1). 
Further investigation has to be undertaken in order to verify that SAD1 can be 
phosphorylated in planta. The determination of functionality of SAD1 mutants restricted to 
nuclear, cytoplasmic or extracellular localization will give insight into the question where 
SAD1 has to be localized to fulfill its function. Testing the functionality of the mutants 
created in this study will be carried out in transgenic A. thaliana plants, most of which we 
already possess T2 plants (Table 1). Creation of the double mutant harboring mutations in 
both phosphorylation sites SAK:EAK and TRED:ARED will give us the opportunity to 
create a SAD1 mutant with changed localization, while only introducing minimal changes 
in the SAD1 amino acid sequence. We can use the available truncated versions of SAD1 
(Table 2, Fig. 24) to map other regions involved in subcellular localization by fusion of 
these mutants to GFP. Localization could be analysed in transformed N. benthamiana 
leaves by fluorescence microscopy. 
4.3 SAD1 as a transcriptional activator 
When searching for interaction partners of SAD1, using the Matchmaker® Gold Yeast 
Two-Hybrid System, SAD1 auto activated the two reporter genes MEL1 and AUR1-C 
(Ghareeb et al. 2011). Both genes were under the control of the M1 promoter. It was 
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proposed that SAD1 could have transcriptional activator activity and thus alter plant 
development. Pathogen effectors that induce changes in host gene expression are already 
known in plant-pathogen interactions. The best studied effectors altering plant gene 
expression are the transcription activator like effectors (TAL) of Xanthomonas (Streubel et 
al. 2012).  
We found that GFP-SAD1 localized in the cytoplasm and accumulated in the nucleus in 
A. thaliana, thus enabling SAD1 to potentially get into contact with DNA and 
subsequently alter gene expression (Fig. 18). We tested potential binding of SAD1 to the 
M1 promoter by performing a yeast one-hybrid assay with the fusion protein AD-SAD1 
(Fig. 23). Auto activation of the MEL1 reporter gene by AD-SAD1 was not detected, 
indicating that SAD1 was not able to bind to the DNA of the M1 promotor.  
It would be possible for SAD1 to interact with another protein bound to DNA and thus 
overcome its lacking DNA binding ability. We found that SAD1 was able to interact with 
plant proteins that bind to DNA (i.e. ZAG1, elongation factor1 and flowering-time protein 
[ZmLD]). 
To obtain information about the function of SAD1 we used de novo modeling with 5 
different modeling servers to predict the structure of SAD1 (Fig. 33, Table 21). The 
predicted structure was tested for homology to protein structures with known function via 
the Dali server (Fig. 33). We obtained models of medium quality that showed high 
homology to transcriptional activators (Table 21). RNA sequencing experiments revealed 
that plant gene expression was changed by the presence of SAD1 (Fig. 27). These results 
support the hypothesis that SAD1 directly alters the expression of plant genes. 
To verify that SAD1 is able to directly alter plant gene transcription, further studies are 
needed. We have to identify the interaction partner that enables SAD1 to interact with 
DNA. This could be done by Co-immuno precipitation (CoIP). In the case of SAD1 
directly interacting with DNA, a DNA pull down assay or Systematic Evolution of Ligands 
by Exponential Enrichment (SELEX) combined with a yeast two hybrid screen (König et 
al. 2007) could reveal the unknown DNA sequence SAD1 is able to bind to. These 
experiments could be performed in the A. thaliana + GFP-SAD1 system since this system 
provides a functional tagged version of SAD1 and both methods require the presence of 
specific antibodies. All in all, we can conclude that SAD1 could be a transcriptional 
activator directly affecting plant gene expression. 
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4.4 SAD1 affects gene expression in infected maize ears 
Upon infection with S. reilianum strains WT or SAD1, transcription of the genes TB1 and 
PIN1 is affected (Ghareeb et al. 2015). These results verified that SAD1 changes the 
transcription of maize genes. The two maize genes analysed in Ghareeb et al. 2015 were 
picked because of their known involvement in the control of branch outgrowth. However, 
there is a multitude of factors controlling the outgrowth of branches, such as hormone 
levels, sugar content, light conditions, stresses, protein degradation and transcription 
factors (reviewed in Hellmann & Estelle 2002, Krishnamurthy & Rathinasabapathi 2013, 
Domagalska and Leyser 2011, Teichmann and Muhr 2015, Ljung et al. 2015). To obtain a 
global overview of all genes with altered expression by the presence of SAD1, we isolated 
RNA from maize ears infected with WT or SAD1 S. reilianum strains and analysed gene 
expression by RNA sequencing. 
4.4.1 Expression of S. reilianum genes is not affected by SAD1 
We detected expression of genes from maize as well as genes from S. reilianum (Table 13). 
RNA isolated from ears infected with S. reilianum contained more RNA from maize 
compared to S. reilianum RNA. This resulted in fewer reads that could be mapped to the 
S. reilianum genome compared to reads that mapped on the maize genome (Table 12). 
When planning the RNA sequencing experiment we took this fact into account and decided 
to use 60 million reads per sample in order to detect weakly expressed genes and to 
possibly make reliable statements about gene expression in S. reilianum. Thus we 
produced between 200,000 and 500,000 reads that mapped to the S. reilianum genome 
(Table 12). We detected reads mapping to S. reilianum genes in every sample that we 
analysed, verifying the presence of S. reilianum in the infected maize ears. Since we did 
not check the amount of S. reilianum cells in the maize ears collected from infected plants 
at four weeks before or after inoculation before or sampling them, the amount of fungus 
might differ between samples. When estimating the fungal amount by the comparison of 
mapped reads to the S. reilianum genome, differences could be detected between replicates 
(Table 12). WT#3 and SAD1#3 hat the highest or the lowest amount of mapped reads 
between the replicates. This difference in abundance of fungus also could potentially lead 
to the slight differences in gene expression of deregulated genes inbetween replicates (Fig. 
27). In total we were able to detected expression (mean reads of all samples > 5 as 
suggested by Tarazona et al. 2011) of 67% of all genes of S. reilianum . This indicates that 
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the coverage of the S. reilianum transcriptome was sufficient for gene expression studies. 
However, the only gene expressed differentially between WT and SAD1 infected ears 
(Log2FC < -1 or > 1 with FDR < 0.05) was SAD1 (Table 14). Since SAD1 is secreted from 
the fungal hyphae (Fig. 8), did not interact with S. reilianum proteins (4.6.1), did not affect 
the amount of fungus (no significant difference of the mean percentages of mapped reads 
between WT and SAD1, Table 12) or the virulence (Fig. 24), it seems that deletion of 
SAD1 does not affect the expression of genes of S. reilianum. On the other hand we 
showed that the presence of SAD1 affected gene expression of maize genes (Fig. 27), 
which likely changes the environment the fungus proliferates in and thus should lead to 
changes in fungal gene expression if not directly, then by secondary effects. It is possible, 
that at the early time point of four weeks after inoculation the fungus was not yet 
sufficiently affected by the results of altered maize gene expression to result in significant 
changes in fungal gene expression. This could be tested by comparing fungal gene 
expression at later time points after inoculation. 
We can conclude that SAD1 does not affect expression of highly expressed S. reilianum 
genes, but that the amount of mapped reads was not sufficient to detect differences in 
expression between the two conditions for weakly or even medium expressed genes. Thus, 
these results have to be verified by qRT-PCR. Fungal genes involved in the protection 
from ROS could be a good target, since deregulation of those genes was detectable in 
maize (Table 16). 
4.4.2 SAD1 leads to deregulation of maize genes in infected maize ears 
The highest amount of reads mapped to the reference sequence of B73 maize Refgen V3. 
Between 40 and 50 million reads mapped to the B73 genome and around 40 to 70% of 
those reads mapped to exons (Table 11). Mapped reads that did not map to exons mapped 
to intergenic regions. The high percentage of reads that mapped to intergenic regions 
originated from the fact that B73 maize Refgen V3 was obtained from the maize variety 
B73, but we used Gaspe Flint, an early flowering maize variety, in our experiments. 
Assemble of the unmapped reads or reads that mapped to intergenic regions could give 
insight into the differences between the two maize varieties, but this is subject of another 
subject. Mean reads that mapped to exons of the six samples analysed, was 29.2 million. 
Of the known genes of B73, 73% were expressed (mean reads of all samples > 5 as 
suggested by Tarazona et al. 2011). This percentage is comparable with other RNA 
sequencing results that detected 60% (20 reads cutoff) of total genes as being expressed in 
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the kernel development of B73, which indicates that detection of gene expression in Gaspe 
Flint using the B73 maize Refgen V3 is feasible (Li et al. 2014). Not expressed genes 
could consist of organ specifically expressed genes or genes not present in Gaspe Flint, but 
in B73. 
Gene expression differed in ears infected with WT or SAD1 S. reilianum strains. In WT 
infected ears, 222 genes were up and 115 genes were down-regulated (Table 15). This 
suggests that SAD1 either directly changed expression of genes (4.3) or changed gene 
expression indirectly by interaction with plant originated proteins (4.6). 
4.4.3 SAD1 leads to the activation of transcription of maize genes 
involved in stress response 
All deregulated genes were annotated with GO terms (AgriGO, Zhou et al. 2010) and 
Mapman annotations (Thimm et al. 2004). GO term annotations led to the annotation of 
164/222 up-regulated genes and 57/115 down-regulated genes (Fig. 28, Fig. 30). Mapman 
annotations lead to the annotation of 164/222 up-regulated genes and 63/115 down-
regulated genes (Fig. 31). With both methods combined we annotated 186 up-regulated 
and 80 down-regulated genes. Using the singular enrichment analysis (SEA, AgriGO), we 
detected 18 enriched GO terms for up-regulated and 3 enriched GO terms for down-
regulated genes (Fig. 29, Fig. 30). We manually searched for enriched Mapman categories 
and identified 7 enriched groups for up-regulated and 4 groups for down-regulated genes 
(Fig. 31). Enriched GO terms showed connections to genes involved in stress response (Fig. 
29). This was corroborated by Mapman annotations since the enriched Mapman groups 
contained peroxidases, GDSL lipases, genes of the lipid metabolism and hormone 
metabolism that are known to be linked to plant stress response (see below).  
Peroxidases such as glutathione peroxidase catalyse the reduction of reactive oxygen 
species in the presence of glutathione and thus prevent potential damage (Ursini et al. 1995, 
Jung et al. 2000). Expression of peroxidases is also increased under stress conditions 
(Rodriguez Milla et al. 2003). GDSL lipases hydrolyse long chain fatty acids (Ling et al. 
2006). Additionally, GDSL lipases are involved in response to biotic and abiotic stress 
(Hong et al. 2008, Naranjo et al. 2006). Enhanced lipid metabolism was connected to stress 
at the endoplasmatic reticulum (Shank et al. 2001). We detected three deregulated ABA 
response genes, one up-regulated and two down-regulated. ABA is known to be involved 
in drought and high salinity stress (Zhu 2002). Four genes involved in ethylene metabolism 
and signaling were significantly deregulated. Ethylene is a known stress hormone and 
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activation of the ethylene response factors (ERF) leads to decreased ROS accumulation 
(Wu et al. 2008). Additionally, AtERF53 is a target of the known SAD1 interactor RGLG2 
(Cheng et al. 2012). Two genes involved in gibberellic acid biosynthesis and signaling 
were down-regulated. Active gibberellic acid was shown to be less abundant in salt-treated 
A. thaliana plants (Achard et al. 2006)). Finally, one gene involved in the cytokinin (CK) 
biosynthesis was down-regulated. CK is linked to various stress conditions, and plants 
grown under drought conditions contained less CK in the xylem sap (Bano et al. 1994, 
Shashidhar 1996, Hare et al. 1997).  
SAD1 was able to change the expression of maize genes. Most of the deregulated maize 
genes can be directly linked to the response to abiotic stress. This indicates that the 
presence of SAD1 in S. reilianum mimicks the presence of abiotic stresses for the infected 
plant cell. 
4.4.4 Transcription factors controlling floral development are down-
regulated by the presence of SAD1 
Annotating up and down-regulated genes with Mapman annotations revealed a high 
number of transcription factors that were deregulated upon infection with WT compared to 
infection with SAD1 (Fig. 31). We annotated the deregulated transcription factors using 
the Grassius database (Yilmaz et al. 2009). In total, 13 transcription factors were down-
regulated by the presence of SAD1 (Table 18). Of these 13 transcription factors 8 were 
described in literature. A. thaliana CRABS CLAW (CRC), the homologe of the maize 
transcription factor YAB2, is involved in floral development and in particular the nectary 
development (Lee et al. 2005). SCARECROW (SCL18) from A. thaliana, the homologe of 
ZmGRAS76, is also known as LATERAL SUPPRESSOR. Arabidopsis plants lacking this 
transcription factor do not form lateral shoots during vegetative growth (Greb et al. 2003). 
Whether GRAS76 has a similar role in maize or not, needs to be further investigated. 
AGAMOUS the A. thaliana homolog to MADS41, is involved in floral development and 
negatively regulates expression of WUSCHEL (Liu et al. 2011). We could find WUSCHEL 
RELATED HOMEOBOX11 being upregulated (Log2FC > 1, but not significantly with an 
FDR > 0.05) in our expression analysis. The maize transcription factor ZMM19 was down-
regulated and is involved in floral development, especially development of healthy kernels 
(Wingen et al. 2012). Another floral development transcription factor PISTILLATA of 
A. thaliana, and homolog to MADS18 of maize, was downregulated as well (Honma & 
Goto 2000). TCP24, the A. thaliana homolog to the maize transcription factor TCPTF38, 
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was reported to repress cell wall thickening (Wang et al. 2015). TCP transcription factors 
are known to be repressors of other developmental processes like branching (Martín-Trillo 
& Cubas 2010). WRKY2, the A. thaliana homolog to WRKY72 in maize, is linked to 
germination and post germination developmental arrest together with ABA signaling 
(Jiang & Yu 2009). The last down-regulated transcription factor is the A. thaliana MBF1C 
homolog to an unknown gene in maize from the MBF1 transcription factor family. MBF1C 
accumulates in the nucleus under heat stress and is required for thermotolerance (Suzuki et 
al. 2011). In summary, it can be said that SAD1 led to the down-regulation of transcription 
factors involved in floral development. Floral development and branching are two 
processes that are regulated by similar factors (light and nutrients) and thus crosstalk exists 
between the two developmental processes (Rameau et al. 2015). The HR gene in forage 
pea leads to late flowering and increased branching (Lejeune-Hénaut et al. 2008, Weller et 
al. 2012). The FT/TFL1 complex can lead to the induction of flowering and branching at 
the same time as reported in rice and rose (Tamaki et al. 2007, Randoux et al. 2014). Thus 
SAD1-dependent down-regulation of transcription factors involved in floral development 
could not only be a secondary effect but could be the cause for SAD1-dependent increase 
in branching. 
4.4.5 Transcription factors involved in stress response are up-regulated 
by the presence of SAD1 
Of the annotated transcription factors, 21 were up-regulated by the presence of SAD1 
(Table 19). Out of these 21 transcription factors, 10 were described in the literature. The 
maize transcription factor EREB145 is a homolog to SHN1 of A. thaliana. SHN1 is 
involved in drought stress response (Kannangara et al. 2007). EREB144, the homolog to 
TINY2, was shown to be connected in the drought response and bound to a dehydration 
response element (Wei et al. 2005). IAA16, the A. thaliana homologe to IAA21 of maize, 
is involved in the response to auxin and ABA (Rinaldi et al. 2012). The maize transcription 
factor DOF42 is part of the ZmDOF transcription family. ZmDOF genes are involved in 
signal transduction and stress respsonse (Chen & Cao 2014). ZmDOF38 has two stress 
responsive elements in its promotor region (Chen & Cao 2014). AtHB5, the A. thaliana 
homolog to the maize HB127, is connected to ABA response (Johannesson et al. 2003). 
MYB11 was reported to be a transcriptional repressor of lignin biosynthetic genes (Vélez-
Bermúdez et al. 2015). AtMYB61 is involved in the regulation of resource allocation and 
is expressed in sink tissue (Romano et al. 2012). AtMYB50 is associated with the GO 
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terms “ABA activating” and “salinity response” (Uniprot). Finally, NST1 is involved in 
secondary cell wall thickening (Mitsuda et al. 2007).  
When present in infected maize ears, SAD1 led to the up-regulation of transcription factors 
involved in stress response and lignification and cell wall modifications. We tested 
whether transgenic A. thaliana plants expressing GFP-SAD1, displayed altered responses 
to stress by growing plants under high salinity conditions (Fig. 32). These tests revealed 
that WT and transgenic A. thaliana plants did differ only slightly in their growth behavior 
under salt stress. 
A common reaction of plants to stresses is the production of ROS. It was shown that ears 
infected with WT S. reilianum strains produced ROS surrounding the fungal hyphae 
(Ghareeb et al. 2011). ROS can be produced by the plant as part of the defense against the 
pathogen (Gadjev et al. 2008). On the other hand, ROS can also be produced by the fungus 
and affect its development (Lara-Ortíz et al. 2003). It is not clear whether the ROS in 
infected maize ears is generated by S. reilianum or the plant. It will be very interesting to 
see whether ROS is still produced around the fungal hyphae of SAD1 S. reilianum strains. 
ROS can influence auxin concentration, plant development and protein degradation 
(discussed in 4.1, 4.6.3). Since there are no changes in fungal gene expression other than 
expression of SAD1 we can hypothesize that the immediate environment of the fungus is 
not affected by the deletion of SAD1. Thus we would assume that ears infected with 
SAD1 S. reilianum strains still produced ROS around the fungal hyphae. Furthermore, 
this would indicate that the increased response to biotic, drought, oxidative, heat, cold and 
unspecific stress caused by SAD1 would not be caused by actual changes in the 
environment, but only by changed perception from the plant. This changed perception 
could be affected by the inhibition of the RING E3 ligase and interactor of SAD1, RGLG2 
(discussed in 4.6). Stress can also alter the expression of genes important for floral 
development (discussed in 4.4.4) that are associated with branching control (reviewed in 
Rameau et al. 2015).  
4.5 SAD1 as an auxin-independent regulator of branch 
outgrowth 
SAD1 is able to induce branching in maize and A. thaliana (Fig. 7, Fig. 12, Ghareeb 2011, 
Ghareeb et al. 2015). Outgrowth of branches is controlled by a multitude of factors. Auxin 
transport plays a very important role in the control of branching (Teichmann & Muhr 
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2015). It was shown that SAD1 was able to deregulate the gene expression of TB1/BRC1 in 
ear nodes and PIN1 in maize roots (Ghareeb et al. 2015). Both genes were closely 
connected to auxin. TB1/BRC1 is a master repressor of branching and its gene expression 
is increased by the presence of auxin (Finlayson 2007). PIN1 is a polar auxin transporter 
(Gälweiler et al. 1998). S. reilianum infection increased auxin concentration in infected 
maize ears by 30% (Ghareeb et al 2011). Thus, it was suggested that SAD1 controls 
branching by changing auxin levels in plants. 
To test this hypothesis, GFP localization in A. thaliana plants expressing either PDR5:GFP 
and P35S:SAD1 (DR5/SAD1), or just PDR5:GFP (DR5) was compared. The distribution of 
GFP indicating the presence of auxin was not affected by SAD1 (Fig. 15). While auxin 
was mostly present in the vascular bundles of plant cells, GFP-SAD1 was absent in those 
cells (Fig. 15, Fig. 17). The spatial difference of GFP-SAD1 expressing cells and cells that 
contain auxin made it even more unlikely that GFP-SAD1 affects the biosynthesis or 
transportation of auxin. We performed RNA sequencing of maize ears infected with WT or 
SAD1 S. reilianum strains, 4 weeks after infection. Deregulated genes were annotated 
with GO terms or using Mapman annotation. We did not detect genes connected to auxin 
in any of the used annotations. However, since annotations with GO and Mapman did not 
cover all deregulated genes we checked manually for the expression of AUXIN 
RESPONSIVE GENES (ARF) and PIN genes. ZmARF and ZmPIN genes did not show 
significant deregulation (Supplemental Table 4, Supplemental Table 5; Wang et al. 2012, 
Forestan et al. 2012). Finally, auxin is a plant hormone involved in multiple plant 
developmental processes, i.e. root growth, leaf veination and many more. When observing 
development of transgenic A. thaliana plants expressing GFP-SAD1 we did not detect 
phenotypes additional to earlier branching (Fig. 12, Fig. 13, Fig. 14). 
All in all, the current evidence suggests that SAD1 induced branching in A. thaliana and 
maize plants independent of auxin. 
4.6 The ubiquitin ligase RGLG2 is the strongest interactor of 
SAD1 
The fungal effector SAD1 was secreted from the fungal hyphae, enabling it to get into 
contact with host cells. So far, it is not known whether SAD1 is taken up by the plant cell 
in the S. reilianum–maize interaction (Fig. 8; Ghareeb 2011, Ghareeb et al. 2015). SAD1 
interacted with plant originated proteins (Fig 25; Ghareeb 2011, Ghareeb et al. 2015). The 
high amount (154 potential interactors) of plant-originated proteins that could potentially 
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interact with SAD1 made it hard to pin point the interactions relevant for function of SAD1. 
In this study we were able to identify false positive interactions partners and point out one 
exceptionally interesting potential interaction partner of SAD1. 
4.6.1 SAD1 does not interact with the S. reilianum effector MIG1 
Earlier studies suggested that SAD1 was able to interact with the S. reilianum effector 
MAIZE INDUCED GENE1 (MIG1) (Ghareeb 2011). MIG1 is part of a family of 
S. reilianum and U. maydis genes highly up-regulated after fungal entry into its host plant 
maize (Basse et al. 2000). MIG1 of U. maydis contains a functional secretion peptide but 
deletion of MIG1 does not affect virulence (Basse et al 2000). Upon detection of MIG1 as 
a potential interaction partner of SAD1 in a yeast two-hybrid screen, it was postulated that 
the two effectors form an effector complex (Ghareeb 2011). When testing the SAD1-MIG1 
interaction on QDO plates supplemented with 25 µM 3-AT, only 1 out of 6 colonies grew, 
indicating a potential false positive or weak interaction (Fig. 25).  
Even though MIG1 was found to weakly interact with domains of SAD1 that were relevant 
for function of SAD1 (Fig. 24), the previously detected interaction between MIG1 and 
SAD1 is likely a false positive result. It is possible that potential interaction partners of 
SAD1 originating from the fungus were not detected by the initial yeast two-hybrid screen. 
However, the cDNA library used for the yeast two-hybrid was created by mixing infected 
plant material with RNA collected from axenically grown and mating fungal cells, and the 
collected RNA was depleted for highly expressed genes. In addition, SAD1 induced a 
branching phenotype when expressed heterologously in A. thaliana (Fig. 12) and is thus 
able to act independently of other S. reilianum effectors. Technically, we cannot exclude 
that SAD1 might need other fungal proteins/effectors to enter the plant cell, since SP-GFP-
SAD1 was not able to re-enter the plant cell in transformed N. benthamiana cells. Once 
secreted from the plant cell, it might need to interact with membrane-bound fungal proteins 
that can not be detected by the used yeast two-hybrid system (3.2.10, Romich 2014). 
However, it was shown for other fungal effectors that they can enter the plant in absence of 
other fungal components (Rafiqi et al. 2010) and the missing re-uptkae of secreted SP-
GFP-SAD1 in N. benthaminana could be due to masking of uptake signals. 
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4.6.2 Not all potential interaction partners of SAD1 are functional 
relevant 
A yeast two-hybrid assay using a cDNA library constructed from material of infected 
leaves, stem and ears of maize plants, revealed that SAD1 was potentially able to interact 
with 154 interaction partners of SAD1 (Ghareeb et al. 2015). The used yeast two-hybrid 
system makes use of 4 reporter genes of which two were auto activated by BD-SAD1 
(Ghareeb et al. 2015). The two reporter genes left were HIS3 and ADE2. All reporter genes 
were controlled by promoters that contained a GAL4 responsive promoter element. The 
position of the 17mer GAL4 binding site differed in the promoter elements of HIS3 and 
ADE2 (Matchmaker™ Gold Yeast Two-Hybrid System User Manual 2010, Giniger et al. 
1985, Giniger & Ptashne 1988). HIS3 is known for its leaky expression, which decreased 
its reliability and opens the possibility to detect false positives (Criekinge and Beyaert 
1999). Thus the used yeast two-hybrid system lacked stringency, as only one reporter gene, 
ADE2, remained. To enhance stringency of the system, we utilized 3-AT to counteract the 
leaky expression of the HIS3 gene (Criekinge and Beyaert 1999). By growing yeast cells 
containing one of the 154 potential interactions partners fused to the GAL4-AD and SAD1 
fused to the GAL4-BD on QDO agarose medium supplemented with 25 µM 3-AT, we 
detected 19 definite false positives and 89 potential false positives (Fig. 25). To finalize 
these findings, optimization of the 3-AT concentration is needed. 
We combined these findings with our knowledge gained from studies of truncated SAD1 
versions. We constructed 13 versions of SAD1 harboring 12 amino acid deletions that 
taken together covered the entire SAD1 protein (Drechsler 2012). These 13 truncated 
SAD1 versions were tested for interaction with the 154 potential interaction partners to 
map interaction domains of SAD1 (Drechsler 2012). In this study we complemented these 
findings by testing the functionality of the 13 truncated versions of SAD1 in a maize 
infection assay. Only 4 truncated versions fully complemented the deletion of SAD1. These 
four truncations were 1, 5, 6 and 9 (Fig. 24). Interaction partners that lost the ability to 
interact with these truncated versions of SAD1 were not relevant for SAD1 function, as the 
truncated versions were still able to increase the number of ears per plant in infected maize 
plants (Fig. 24). We prepared a list of interaction partners of SAD1 lacked the interaction 
with the truncations 1, 5, 6 and 9. This list included 94 potentially functionally relevant 
interaction partners able to grow on the 3-AT selection plates (Supplemental Table 2). A 
second list contained 44 functionally relevant interaction partners that grew on more than 
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50% of 3-AT selection plates (Supplemental Table 3). 17 of the 44 interaction partners 
were picked for further analysis because they produced exceptional growth on the 3-AT 
selection plates. Interaction strength of these 17 interaction partners was quantified in a 
LACZ assay. An uncharacterized protein and the RING domain ligase 2 (RGLG2) were 
identified as the stongest interaction partners of SAD1 (Fig. 26). 
4.6.3 The RING E3 ubiquitin ligase RGLG2 is involved in control of 
apical dominance and stress response 
RGLG2 is a RING E3 ligase (Yin et al. 2007). The protein contains an N-terminal NLS, a 
copine domain in the middle of the protein and a C-terminal Ring domain (Cheng et al. 
2012). The E3 domain is essential for interaction with other proteins (Qin et al. 2008). 
RGLG2 was reported to act as an E3 ligase in ubiquitin-dependent protein degradation and 
in non-proteolytic ubiquitin-dependent signalling (Yin et al. 2007, Cheng et al. 2012). 
RGLG2 has a close sequelog, RGLG1, and both proteins are partially redundant in their 
function (Yin et al. 2007, Cheng et al. 2012). RGLG2 and RGLG1 are expressed in the 
entire plant in A. thaliana. Early studies demonstrated that RGLG2 and RGLG1 are bound 
to the plasma membrane under normal conditions (Yin et al. 2007). More recent studies 
showed that RGLG2 leaves the plasma membrane under stress conditions and enters the 
nucleus (Cheng et al. 2012). RGLG2 localized in the nucleus of PEG transformed 
protoplasts. The authors postulated that the import into the nucleus under stress conditions 
(osmotic stress is induced in protoplasts) most likely is connected to post translational 
changes or carrier proteins that should interact with RGLG2 and thus promote nuclear 
import (Cheng et al. 2012). RGLG2 is a constitutively expressed E3 ubiquitin ligase and 
thus can be a regulator of various abiotic stress conditions (Cho et al. 2008). RGLG2 
interactes with PIN1 at the plasma membrane (Yin et al. 2007) and the stress response 
transcription factor AtERF53 in the nucleus (Cheng et al. 2012). The drought-induced 
transcription factor AtERF53 is ubiquitinated by RGLG2 in the nucleus and degraded by 
the 26S proteasome a short period after the plants sensed the stress signal (Cheng et al. 
2012). An opposite result was reported for the RGLG2-PIN1 interaction at the plasma 
membrane. PIN1 was stabilized in the presence of RGLG2 (Yin et al. 2007). These two 
interactions and possibly many more lead to the phenotypes in RGLG1/RGLG2 double 
mutants of A. thaliana. Mutants show loss of apical dominance, while RGLG2 mutants 
are similar to WT in this regard (Yin et al. 2007). RGLG1/RGLG2 double mutants 
produce branched root hairs independent of iron supply (Li & Schmidt 2010). Experiments 
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at different temperatures revealed that RGLG1/RGLG2 plants are more susceptible to 
heat stress (Hsieh et al. 2013). At drought conditions the survival rate is significantly 
increased for RGLG1/RGLG2 compared WT plants, RGLG2 mutants only show a very 
slight increase of resistant plants of 8% compared to 2% of the WT plants (Cheng et al. 
2012). Increased drought tolerance is accompanied with increased proline content under 
normal conditions, which was reported to increase protection against osmotic stress (Hong 
2000).  
Interaction of RGLG2 with SAD1 was shown in a yeast two-hybrid system that only used 
a short fragment of RGLG2 and not the full-length protein (Ghareeb 2011, Ghareeb et al. 
2015). The RGLG2 fragment that interacted with SAD1 in the yeast two-hybrid covered 
most of the conserved C-terminus that was reported to be important for interaction (Qin et 
al. 2008). An example for a fungal effector targeting plant E3 ubitquitin ligases is the 
AVR3a-CMPG1 interaction in the Phytophthora infestans-Solanum demissum pathosystem 
(Bos et al. 2010). In this interaction AVR3a stabilizes CMPG1. GFP-SAD1 was expressed 
in the entire A. thaliana plant except for the stem/hypocotyl and the vascular bundles (Fig. 
17). For RGLG2 constitutive expression at the same localization was reported making it 
possible that the two proteins interact in planta (Kraft et al. 2005, Yin et al. 2007, Cheng et 
al. 2012). GFP-SAD1 localized to the cytoplasm and the nucleus in transcgenic A. thaliana 
plants, which was also reported for RGLG2 (Yin et al. 2007, Cheng et al. 2012). 
Furthermore, RNA sequencing experiments revealed SAD1-dependent deregulation of the 
expression of stress response genes (Fig. 29). This can be linked to the interaction of SAD1 
with RGLG2. RGLG2 could be inactivated by the interaction with SAD1. This would lead 
to no degradation of transcription factors involved in and induced by stress responses. The 
plant would express transcription factors as soon as it senses a stressful environment. Once 
expressed, transcription factors often induce their own expression in a positive feedback 
loop (i.e. AtERF53, Hsieh et al. 2013). Without RGLG2 leading to degradation of the 
transcription factors shortly after sensing the stress signal, the plant would not be able to 
recover after the first stress signal even if the initial stress was not present anymore. This 
would lead to deregulation of stress response genes without the presence of a stress signal. 
This is exactly what we observed when we compared gene expression of WT and SAD1 
infected ears. In WT infected ears, multiple transcription factors involved in stress 
response were deregulated and we could observe up-regulation of genes involved in stress 
response and response to oxidative stresses (Fig. 29, Table 19). Additionally, we also 
observed that maize plants infected with WT S. reilianum strains produced an increased 
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number of ears per plant, while this was not the case for maize infected with SAD1 (Fig. 
7).  
Transgenic A. thaliana plants expressing GFP-SAD1 started branching earlier than Col-0 
(Fig. 12). We can say that SAD1-induced secondary branching in maize and A. thaliana 
(Ghareeb et al. 2015) is controlled by apical dominance, a process that is absent in 
RGLG1/RGLG2 A. thaliana plants (Yin et al. 2007). Increased branching could thus be 
explained by a negative effect on RGLG2 by the SAD1-RGLG2 interaction.  
It can be concluded that the SAD1-RGLG2 interaction could explain the SAD1-dependent 
phenotypes in maize and A. thaliana. It will be very interesting to further verify and 
investigate this interaction. The very first steps for further experiments would include a 
targeted yeast two-hybrid with the full-length RGLG2 as well as RGLG1. Next, we will 
verify the interaction of the RGLG1/2 and SAD1 in planta using the bimolecular 
fluorescence complementation assay (BiFC, Hu et al. 2002). It will be of utmost 
importance to determine whether RGLG1/2 is able to interact with SAD1 at the plasma 
membrane and/or in the nucleus. This can be determined by the BiFC assay in N. 
benthamiana. Furthermore, we need to determine whether SAD1 interaction with RGLG2 
only at the plasma membrane or only in the nucleus is sufficient for suppression of apical 
dominance. A fast way to evaluate this is the coexpression of both proteins in A. thaliana, 
while one of the two proteins is restricted to either the plasmamembrane or nucleus. 
Evaluation of the branching pattern of A. thaliana plants expressing P35S:GFP-NLS-SAD1 
or P35S:CBL1-GFP-NES-SAD1 will tell us if those fusion proteins are still functional. In 
addition, PIN1 stability in GFP-SAD1 A. thaliana plants can be monitored by 
immunofluorescence microscopy. These experiments would help answer the question 
whether reduced degradation of stress induced transcription factors (RGLG2-SAD1 in the 
nucleus, Cheng et al. 2012), or reduced PIN1 stability (RGLG2-SAD1 at the plasma 
membrane, Yin et al. 2007) are the factors leading to increased branch outgrowth. 
Unraveling all details of the RGLG2-SAD1 interaction has the potential to shed light into 
the function of SAD1 as well as improve our understanding of the regulation of branch 
outgrowth. 
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6 Appendix 
Supplemental table 1: List of abbreviation 
Abbreviation Description Abbreviation Description 
°C Degree Celsius PAT Polar auxin transport 
µl Microliter PBS Phosphate buffer saline 
aa Amino acid PCR Polymerase chain reaction 
ABA Abscisic acid PD Potato dextrose 
AD Activation domain Ps Pisum Sativum 
Avr Avirulence qRT-PCR Quantitative real time RT-PCR 
BD Binding domain R Resistance gene 
bp Base pair RB Right border 
cDNA Complementary DNA RNA Ribonucleic acid 
Ck Cytokinin ROI Region of interest 
CoIP 
Co-immuno 
precipitation 
ROS Reactive oxygen species 
CV Column volume RPKM 
Reads per kilobase per million 
mapped reads 
D Deletion rpm Rounds per minute 
dai Days after infection RT-PCR 
Reverse transcription polymerase 
chain reaction 
DAPI 
4'.6-diamidino-2-
phenylindole 
SA Salicylic acid 
DNA 
Desoxyribonucleic 
acid 
SAD1 
SUPPRESSOR OF APICAL 
DOMINANCE1 
dNTP Deoxyribonucleotide SAR Systemic acquired resistance 
DTT Dithiothreitol SAS Shade avoidance syndrom 
EDTA 
Ethylenediaminetetra
acetic acid 
SEA Singular enrichment analysis 
ET Ethylene sec Second 
f. sp. Forma specialis SEM Scanning electron microscopy 
g Gram SEM Standard error of the mean 
GA Gibberellic acid SL Strigolactone 
GFP 
Green fluorescence 
protein 
SP Signal peptide 
GO Gene ontology sr Sporisorium reilianum 
h Hour SRS S. reilianum f. sp. reilianum 
HR 
Hypersensitive 
response 
SRZ S. reilianum f. sp. zeae 
JA Jasmonic acid TAE Tris-Acetate + Na2-EDTA 
KDa Kilo dalton TAL transcription activation-like 
LB Left border TBE Tris-Borate + Na2-EDTA 
M Molar TE Tris-EDTA 
min Minute TEM Transmission electron microscopy 
ml Milliliter Tris Tris(hydroxymethyl)aminomethane 
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Abbreviation Description Abbreviation Description 
mM Milimolar V Volt 
mRNA Messenger RNA V/v Volume per volume 
NES Nuclear export signal W/v Weight per volume 
NLS 
Nuclear localization 
signal 
Zm Zea mays 
NTS 
Nuclear translocation 
signal   
 
Supplemental table 2: List of 94 functional relevant interaction partners of SAD1.  
-80 
code # Description Classification 
2A12 profilin 5 (PRO5) 
cytoskeleton 
trafficking  
1G1 pore-forming toxin-like protein Hfr-2 defense 
1H12 avr9 elicitor response protein defense 
2E6 beta-1.3-glucanase defense 
1B12 chorismate mutase defense 
1H1 protease 2 defense 
2G7 Fimbriata-like development 
2A5 copine-1 
membrane 
trafficking 
1A2 transaldolase 2 metabolism 
1H2 ATP synthase C chain metabolism 
1A12 cysteine desulfurase metabolism 
2B4 stachyose synthase precursor metabolism 
1D10 3-dehydroquinate synthase metabolism 
2D10 alcohol dehydrogenase (Adh1-S) metabolism 
2D6 beta-galactosidase precursor metabolism 
1E2 glutamine synthetase1 (gln1) metabolism 
2B11 UDP-sugar pyrophospharylase metabolism 
2A7 TVLP1 miscellaneous 
1C11 ATP binding protein miscellaneous 
2A10 replication factor A 
nuclear 
processes 
2C7 DNA polymerase delta small subunit  
nuclear 
processes 
1B1 
peroxisomal targeting signal 1 receptor short form (PEX5), 
alternatively spliced 
peroxisome 
biogenisis 
1B7 T-complex protein 1 subunit gamma 
protein 
biosynthesis 
1A11 mitochondrial elongation factor G 
protein 
biosynthesis 
2C12 WD-repeat protein-like signaling 
2B6 probable phosphatase 2C signaling 
2F12 serine/threonine-protein kinase CTR1 signaling 
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-80 
code # Description Classification 
2E10 serine/threonine-protein phosphatase 5 signaling 
2B9 ZAG1 transcription 
1H6 
flowering-time protein isoforms alpha and beta (ZmLD), 
alternatively spliced products transcription 
1E12 polypyrimidine tract-binding protein transcription 
1B11  putative transcription elongation factor 1 homolog  transcription 
1E9 GTP-binding nuclear protein Ran-A1 transcription 
1G8 helicase RH2 protein-like transcription 
2E3 transcription factor PIF3 transcription 
1D3 zinc finger, C3HC4 type family protein transcription 
1D5 arginine/serine-rich splicing factor 10 transcription 
2A11 triose phosphate/phosphate translocator transport 
2G11 vacuolar ATP synthase catalytic subunit A transport 
1G11 putative copper-transporting ATPase transport 
1H7 ADP-ribosylation factor GTPase-activating protein AGD2 transport 
2A2 MubG7 ubiquitin fusion protein gene ubiquitinilation 
2A4 E3 ubiquitin-protein ligase RGLG2 ubiquitinilation 
1A4 
S-phase kinase-associated protein 1-interacting partner 5 
(SKIP5) containg F-box  ubiquitinilation 
2E9 ubiquitin carboxyl-terminal hydrolase 26 OS=Oryza sativa  ubiquitinilation 
1B2 probable E3 ubiquitin-protein ligase ubiquitinilation 
2D8 SAM domain family protein ubiquitinilation 
2F9 E3 ubiquitin-protein ligase KEG ubiquitinilation 
1F3 probable ubiquitin carrier protein E2 ubiquitinilation 
2A8 unknown unknown 
1F1 unknown unknown 
1A1 unknown unknown 
1C10 unknown unknown 
2B8 unknown unknown 
2A9 unknown unknown 
1C1 unknown unknown 
1F12 unknown unknown 
1G5 unknown unknown 
2F1 unknown unknown 
2H11 unknown unknown 
1A10 unknown unknown 
1A7 unknown unknown 
1A8 unknown unknown 
1B6 unknown unknown 
1C12 unknown unknown 
1D11 unknown unknown 
2F2 unknown unknown 
2H12 unknown unknown 
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-80 
code # Description Classification 
1B3 unknown unknown 
1B4 unknown unknown 
1B9 unknown unknown 
1E5 unknown unknown 
1E7 unknown unknown 
1F5 unknown unknown 
1G7 unknown unknown 
1H3 unknown unknown 
2A6 unknown unknown 
2B7 unknown unknown 
2C10 unknown unknown 
2D4 unknown unknown 
2G12 unknown unknown 
2G4 unknown unknown 
2G5 unknown unknown 
2G6 unknown unknown 
1B5 unknown unknown 
1F8 unknown unknown 
1G12 unknown unknown 
1G6 unknown unknown 
1H5 unknown unknown 
1H8 unknown unknown 
2F10 unknown unknown 
2F8 unknown unknown 
1D7 migI virulence 
2D9 unknown unknown 
Supplemental table 3: List of 44 Interaction partners of SAD1. 
-80 
code # Description Classification 
2A12 profilin 5 (PRO5) 
cytoskeleton 
trafficking  
1G1 pore-forming toxin-like protein Hfr-2 defense 
1H12 avr9 elicitor response protein defense 
2G7 Fimbriata-like development 
1A2 transaldolase 2 metabolism 
1H2 ATP synthase C chain metabolism 
1A12 cysteine desulfurase metabolism 
2B4 stachyose synthase precursor metabolism 
2A7 TVLP1 miscellaneous 
1C11 ATP binding protein miscellaneous 
2A10 replication factor A 
nuclear 
processes 
1B1 peroxisomal targeting signal 1 receptor short form (PEX5), peroxisome 
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-80 
code # Description Classification 
alternatively spliced biogenisis 
1B7 T-complex protein 1 subunit gamma 
protein 
biosynthesis 
2C12 WD-repeat protein-like signaling 
2B6 probable phosphatase 2C signaling 
2B9 ZAG1 transcription 
1H6 
flowering-time protein isoforms alpha and beta (ZmLD), 
alternatively spliced products transcription 
1E12 polypyrimidine tract-binding protein transcription 
1B11  putative transcription elongation factor 1 homolog  transcription 
2A11 triose phosphate/phosphate translocator transport 
2G11 vacuolar ATP synthase catalytic subunit A transport 
2A2 MubG7 ubiquitin fusion protein gene ubiquitinilation 
2A4 E3 ubiquitin-protein ligase RGLG2 ubiquitinilation 
1A4 
S-phase kinase-associated protein 1-interacting partner 5 
(SKIP5) containg F-box  ubiquitinilation 
2E9 ubiquitin carboxyl-terminal hydrolase 26 OS=Oryza sativa  ubiquitinilation 
2A8 unknown unknown 
1F1 unknown unknown 
1A1 unknown unknown 
1C10 unknown unknown 
2B8 unknown unknown 
2A9 unknown unknown 
1C1 unknown unknown 
1F12 unknown unknown 
1G5 unknown unknown 
2F1 unknown unknown 
2H11 unknown unknown 
1A10 unknown unknown 
1A7 unknown unknown 
1A8 unknown unknown 
1B6 unknown unknown 
1C12 unknown unknown 
1D11 unknown unknown 
2F2 unknown unknown 
2H12 unknown unknown 
Supplemental table 4: Gene expression of PIN genes in maize ears infected with WT vs SAD1. 
PINs Genebank ID Phytozome Accession number Log2fc FDR 
ZmPIN1a DQ836239 GRMZM2G098643 -0.1507516 1 
ZmPIN1b DQ836240 GRMZM2G074267 0.8870832 0.2542447 
ZmPIN1c EU570251 GRMZM2G149184 0.3369197 1 
ZmPIN1d JQ421084 GRMZM2G171702 -0.6956781 0.9108133 
ZmPIN5a JQ421086 GRMZM2G025742 2.286426 0.4192047 
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PINs Genebank ID Phytozome Accession number Log2fc FDR 
ZmPIN5b JQ421087 GRMZM2G148648 -3.57056 0.2709315 
ZmPIN5c JQ421088 GRMZM2G040911 0.8229399 0.5915567 
ZmPIN8 JQ421089 GRMZM5G839411 0.009793679 1 
ZmPIN9 JQ421090 GRMZM5G859099 -1.387458 0.5852815 
ZmPIN10a JQ421091 GRMZM2G126260 0.3162427 1 
ZmPIN10b JQ421092 GRMZM2G160496 0.3648252 1 
ZmPINY JQ421094 GRMZM2G050089 0.196459 1 
Supplemental table 5: Gene expression of ARF genes in maize ears infected with WT vs SAD1. 
Gene name Gene ID Log2fc FDR 
ZmARF16 GRMZM2G378580 -0.663504299 0.182161019 
ZmARF12 GRMZM2G073750 -0.5179148 0.3928287 
ZmARF32 GRMZM2G006042 -0.4804769 0.5445306 
ZmARF3 GRMZM2G081158 -0.4127805 0.7176353 
ZmARF9 GRMZM2G017187 -0.3708721 0.7509736 
ZmARF28 GRMZM2G030710 -0.3302805 0.8403331 
ZmARF27 GRMZM2G441325 -0.3379423 0.8575578 
ZmARF14 GRMZM2G056120 -0.3265058 0.8634138 
ZmARF11 GRMZM2G352159 -0.2830301 0.8874782 
ZmARF13 GRMZM2G338259 -0.2619329 0.9219863 
ZmARF29 GRMZM2G116557 -0.254568 0.9317377 
ZmARF6 GRMZM2G078274 -0.2549898 0.9493578 
ZmARF1 GRMZM2G179121 -1.77873 0.9507296 
ZmARF23 GRMZM2G317900 0.2995346 0.9633458 
ZmARF15 GRMZM2G437460 -0.2658208 0.9712143 
ZmARF36 GRMZM2G023813 -0.8982304 0.9984958 
ZmARF10 GRMZM2G475263 0.1053666 1 
ZmARF17 GRMZM2G137413 -0.163985 1 
ZmARF18 GRMZM2G081406 -0.2363766 1 
ZmARF19 GRMZM2G028980 -0.1230824 1 
ZmARF2 GRMZM2G181254 0.2290398 1 
ZmARF20 GRMZM2G159399 -0.1409038 1 
ZmARF21 GRMZM2G035405 0.2106519 1 
ZmARF24 GRMZM2G102845 0.08260868 1 
ZmARF25 GRMZM2G702026 -0.1783283 1 
ZmARF26 GRMZM2G390641 0.1032506 1 
ZmARF31 GRMZM2G160005 0.1962735 1 
ZmARF33 GRMZM2G005284 0.07390788 1 
ZmARF34 GRMZM2G086949 -0.136982 1 
ZmARF35 GRMZM2G475882 -0.1839069 1 
ZmARF4 GRMZM2G169820 0.01422738 1 
ZmARF5 GRMZM2G153233 -0.03079203 1 
ZmARF7 GRMZM2G034840 -0.2984174 1 
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